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I .  INTRODUCTION 


v 

Electron  transport  parameters  for  gaseous  mixtures  containing  electro¬ 
negative  gases  in  buffer  gases  were  investigated  in  this  research  program. 
Absolute  electron  attachment  rate  constants  and  cross  sections  of  halogen 
compounds  were  measured.  Photodetachment  cross  sections  of  halogen  negative 
ions  in  discharge  media  were  determined.  Discharge  current  switching 
induced  by  laser  irradiation  of  discharge  media  was  observed.  These  basic 
data  are  obtained  for  the  development  of  various  gaseous  discharge  switches 
and  for  the  study  of  basic  discharge  phenomena  as  well.  High  repetition- 
rate  discharge  switches,  opening  switches,  and  radiation  or  e-beam  controll¬ 
ed  switches  are  needed  for  the  development  of  high  power  lasers,  fusion 
experiments,  magnetic  energy  storage  systems,  and  particle  beam  experiments. 
High  pressure  gaseous  discharges  could  be  used  for  the  development  of  these 
switches.  The  measured  electron  transport  parameters  are  needed  for  deter¬ 
mining  the  rise  and  decay  times  of  discharge  pulses,  discharge  stability, 

discharge  uniformity,  and  current  density.  -  -7 ■/ 

II.  RESEARCH  ACCOMPLISHED 
A.  Laser- Induced  Switching  of  Discharge  Current 

Current  switching  induced  by  laser  irradiation  was  observed  in  the 
discharge  media  that  contain  halogen  compounds  (F^,  HF,  HC1 ,  Cl^,  HBr , 

CH^Br,  CH^I,  CH^I^,  CH^Cl ,  CF2CI2)  in  the  ^  buffer  gas.  It  was  observed 
that  discharge  current  increased  following  the  irradiation  of  a  discharge 
medium  by  ArF  or  KrF  laser  pulses.  The  increased  conduction  current  re¬ 
covered  to  the  DC  level  after  1-2  ps  duration.  The  current  increase  is 
caused  by  the  release  of  electrons  from  photodetachment  of  halogen  negative 
ions  (F  ,  Cl  ,  Br  ,  and  I  )  in  the  discharge  medium.  The  electron  drift 
velocity  is  usually  higher  than  the  drift  velocity  of  a  negative  ion  by  a 
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factor  of  10  -10  ;  thus,  the  current  switching  induced  by  the  release  of 
electrons  from  negative  ions  could  increase  by  the  same  factor.  The  observ¬ 
ed  current  switching  induced  by  laser  irradiation  of  discharge  medium  could 
be  applied  for  the  design  of  high  power  discharge  switches.  The  results  for 
the  observation  of  current  switching  in  the  discharge  media  of  CF^Cl^-N^  and 
CH^Cl-N^  are  described  in  more  detail  in  a  paper  attached  as  Appendix  A, 
which  has  been  published  in  the  IEEE  Transactions  on  Plasma  Science. 

B.  Photodetachment  Cross  Sections  of  Negative  Ions  in  Discharge  Media 
The  photodetachment  cross  section  is  one  of  the  key  parameters  that 

determines  the  magnitude  of  the  laser -induced  current  switching.  The 
photodetachment  cross  sections  of  F  ,  Cl  ,  Br  and  I  were  measured  from  the 
increase  of  transient  current  induced  by  laser  irradiation  of  the  discharge 
media.  The  measurements  at  the  ArF  (193  nm)  and  KrF  (248  nm)  excimer  laser 
wavelengths  are  described  in  detail  in  the  paper  attached  as  Appendix  B, 
which  has  been  published  in  the  Journal  of  Physics  D:  Applied  Physics. 

C.  Electron  Drift  Velocity 

The  electron  conduction  current  is  proportional  to  the  electron  drift 
velocity;  therefore,  this  parameter  is  important  for  determining  the  magni¬ 
tude  of  current  switching.  The  electron  drift  velocity  can  be  affected  by 
the  composition  of  gas  mixture.  This  effect  was  investigated  by  measuring 
the  electron  drift  velocity  as  a  function  of  the  concentration  of  CH^Br  in 
Ar.  The  electron  drift  velocity  increased  dramatically  when  CH^Br  was  added 
to  Ar.  The  results  are  described  in  more  detail  in  the  paper  attached  as 
Appendix  C,  which  has  been  published  in  the  Journal  of  Applied  Physics. 

D.  Electron  Attachment  Rate  Constants 

The  electron  attachment  rate  constant  is  one  of  the  key  parameter  that 
determines  the  production  rates  of  negative  ions  and  the  pulse  duration  of 

i 

i 
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current  switching.  The  electron  attachment  rate  constants  of  halogen 
compounds  such  as  HC1 ,  HBr ,  BC13,  S0C12>  CH3C1,  C^Br,  CF2C12,  C^Cl, 
C^^Cl,  and  C^H^Br  were  measured.  The  results  were  described  in  detail  in 
the  papers  attached  as  Appendices  A,  C,  D,  E,  F,  and  G. 

E.  Electron  Attachment  Cross  Sections 

The  measured  electron  attachment  rate  constants  were  converted  into 
electron  attachment  cross  sections  using  the  electron  energy  distribution 
functions  of  pure  Ar  and  N  .  The  unfolded  electron  attachment  cross  sec¬ 
tions  are  reported  in  Appendix  D  for  HC1  and  Appendix  F  for  CH0C1 , 

S0C12 , CC12F2 ,  C2H3C1,  and  C^H^Cl .  The  obtained  data  are  consistent  with  the 
published  data  measured  by  electron  beam  experiments. 

F.  Application  of  the  Observed  Data  to  the  Design  of  Discharge  Switches 

The  current  switching  and  the  basic  data  obtained  in  this  program  are 

useful  for  the  design  of  discharge  switches.  As  an  illustration  for  such 

application,  the  discharge  medium  of  trace  HBr  and  CH3Br  in  Ar  (or  N2>  is 

taken  as  an  example.  Br  could  be  totally  photodetached  by  an  ArF  laser 

2 

pulse  energy  of  0.1  J/cm  as  calculated  from  the  photodetachment  cross 

-17  2 

section  listed  in  Table  1  of  Appendix  B.  At  E/N  -  1  Td  (10  V  cm  ) ,  the 

3 

drift  velocity  of  a  negative  ion  in  Ar  is  about  10  cm/s,  and  the  electron 

drift  velocity  is  about  10^  cm/s  (see  Appendix  C).  Thus,  the  transient 

3 

current  due  to  laser-detachment  of  Br  could  be  10  time  more  than  the  DC 
discharge  current.  The  recovery  time  for  the  transient  pulse  could  be  less 
than  1  ps ,  if  0.3  torr  of  HBr  is  mixed  in  the  discharge  Medium.  (The 
electron  attachment  rate  constant  reported  in  Appendix  C  was  used  for  the 
calculation.)  This  example  demonstrates  that  the  gas  mixture  of  trace  HBr 
and  CH3Br  in  Ar  or  N2  could  be  used  for  the  switching  of  high  electrical 
energy . 
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G.  Analysis  of  Ion  Species  in  Discharge  Media 

A  mass  spectrometer  using  a  double  differential  pumping  system  was 
constructed  in  this  program  for  the  analysis  of  transient  species  (positive 
ions,  negative  ions,  and  radicals)  in  electrical  discharge  media.  The 
schematic  diagram  of  the  apparatus  is  shown  in  Fig.  1  of  Appendix  G.  This 
apparatus  is  being  used  to  analyze  the  transient  species  in  discharge  media. 
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Laser-Induced  Current  Switching  Observed  in  the 
Discharge  Media  of  CF2C12-N2  and  CH3C1-N2 

W.  C.  WANG  and  L.  C.  LEE,  member,  ieee 


Abstract— Switchings  of  discharge  current  induced  h>  ArF  and  KrF 
laser  pulses  in  the  discharge  media  of  CF2CI2-N2  and  CH.CI-N,  were 
investigated  using  a  negative  point-to-plane  discharge  apparatus.  The 
electron  attachment  rate  constants  of  CF.Cl,  in  buffer  gases  of  N.  and 
Ar  were  measured  by  a  parallel-plate  drift-tube  apparatus  at  various 
H  V,  from  which  the  dominant  negative  ions  in  the  discharge  media 
were  inferred.  The  conductivity  of  the  discharge  medium  is  enhanced 
upon  laser  irradiation  due  to  conduction  electrons  being  produced  from 
photoelectron-detachment  of  Cl".  F'rom  the  dependence  of  the  en 
hanced  current  on  laser  power,  the  photodetachment  cross  sections  of 
Cl  in  a  given  discharge  condition  were  derived  to  be  2.5  x  10  17  cm! 
at  193  nm  and  1.0  x  10  11  cm2  at  248  nm.  After  the  current  enhance¬ 
ment.  the  current  was  greatly  reduced  as  was  observed  in  the  discharge 
medium  of  CF,CI2-N2,  but  not  in  CH,CI-N:.  The  mechanism  for  the 
optically  induced  reduction  of  discharge  current  is  discussed. 

I.  Introduction 

ECENTLY,  Schaefer  et  ill.  [1)  demonstrated  that 
photoelectron-detachment  of  O"  in  the  afterglow  of 
a  dc  discharge  in  oxygen  could  be  used  as  a  control  mech¬ 
anism  for  diffuse  discharge  switching.  This  principle  is 
useful  for  the  design  of  opening  switches  which  are  needed 
for  the  development  of  an  inductive  energy  storage  system 
for  which  the  intrinsic  energy  density  is  much  higher  than 
that  of  a  capacitive  storage  system  [2],  [3].  In  addition  to 
O”.  photoelectron-detachment  of  F~  and  Cl',  which  was 
observed  [4|.  [5)  in  glow  discharge  containing  NF,  and 
CL.  respectively,  could  also  be  useful  for  the  control  of 
discharge  current.  The  use  of  photoelectron-detachment 
of  Cl  ‘  as  a  switching  control  is  reported  in  this  paper. 

Photoelectron-detachment  of  Cl  in  discharge  medium 
of  CF:CL-N:  or  CH,C1-N:  by  excimer  laser  photons  was 
studied  in  this  experiment.  The  study  of  the  chlorine  com¬ 
pound  is  of  interest,  because  the  dielectric  strength  for  a 
chlorine  compound  containing  gas  mixture  is  usually 
high.  In  addition  to  practical  applications,  this  experiment 
also  provides  fundamental  data  for  the  photoelectron-de¬ 
tachment  cross  section  of  Cl”  in  a  discharge  condition. 
The  cross  section  was  derived  from  measurements  of  the 
laser-induced  current  as  a  function  of  laser  power.  This 
measurement  method  is  subject  to  the  effect  of  photoelec¬ 
tron  on  the  local  field.  Nevertheless,  the  measured  cross 
sections  are  comparable  with  published  data  in  the  200- 
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350-nm  region  as  measured  by  a  negative  ion  beam  ex¬ 
periment  [6], 

In  addition  to  the  enhancement  of  conductivity,  a  re¬ 
duction  in  conductivity  was  also  observed  in  the  CF;CL- 
N:  discharge  medium;  however,  this  reduction  was  not 
observed  in  the  CH3CL  N:  discharge  medium.  This  re¬ 
duction  of  conductivity  is  likely  due  to  the  impedance 
change  of  gas  medium  caused  by  laser  irradiation  or  by 
the  increase  of  electron  attachment  to  photodissociation 
products  Such  optically  induced  current  decrease  is  use¬ 
ful  for  controlling  the  opening  time  of  a  discharge  current. 

The  electron  attachment  rate  constants  of  CF:CL  in 
buffer  gases  of  N:  and  Ar  were  also  measured  at  various 
£/,V  (reduced  electric  field)  in  this  experiment.  The  elec¬ 
tron  attachment  rate  constant  of  CF:CL  in  the  buffer  gas 
of  N;  has  been  measured  by  McCorkle  et  til.  [7],  but  the 
data  in  Ar  are  not  yet  known.  Our  results  provide  the  elec¬ 
tron  attachment  rate  constant  over  a  wide  range  of  elec¬ 
tron  energy  which  is  needed  for  understanding  the  elec¬ 
tron  attachment  process.  We  use  such  information  to 
elucidate  the  major  negative  ion  in  the  discharge  medium, 
which  is  essential  for  the  interpretation  of  our  experimen¬ 
tal  observation. 

II.  Experiment 

The  experimental  setup  for  the  measurement  of  electron 
attachment  rate  constant  is  shown  in  Fig.  1 .  where  the  gas 
cell  was  a  6-in-OD  six-way  black-anodized-aluminum 
cross.  The  electrodes  were  two  parallel  uncoated  stainless 
steel  plates  5  cm  in  diameter  and  2.5  cm  apart.  The  elec¬ 
tron  swarm  was  produced  by  irradiation  of  the  cathode 
with  an  excimer  laser  beam  (Lumonics  Model  86 IS)  with 
an  incident  angle  of  about  70°.  The  laser  pulse  duration 
was  about  10  ns  and  the  laser  beam  size  was  reduced  to  3 
mm  in  diameter  by  a  diaphragm.  A  negative  high  voltage 
was  applied  to  the  cathode  to  maintain  an  electric  field. 
The  conduction  current  induced  by  the  electron  motion 
between  the  electrodes  was  measured  as  a  transient  volt¬ 
age  across  a  resistor  (1-2  kfi)  connecting  the  anode  to 
ground. 

For  the  discharge  experiment,  the  parallel-plate  elec¬ 
trodes  were  replaced  by  a  negative  point-to-plane  elec¬ 
trode  set  inside  the  gas  cell.  The  cathode  was  a  steel  wire 
0.5  mm  in  diameter,  and  the  anode  was  a  stainless  steel 
plate  5  cm  in  diameter.  They  were  positioned  1.5  cm 
apart.  A  negative  high  voltage  was  applied  to  the  cathode 
through  a  5.6-Mft  resistor.  The  discharge  current  was 
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Fig.  I  Schematic  diagram  ,.|  experimental  apparatus  tor  electron  attach¬ 
ment  rate  measurement 

measured  by  the  voltage  across  a  1 000-0  resistor  con¬ 
necting  the  anode  to  ground.  An  ArF  (or  KrF)  laser  beam 
with  a  photon  energy  of  6.42  eV  (or  -5  eV)  was  used 
to  irradiate  the  discharge  medium.  The  laser  flux  was 
monitored  by  an  energy  meter(Scientech  Model  365).  The 
transient  waveforms  were  monitored  by  a  150-MHz  dig¬ 
ital  storage  oscilloscope  (Tektronix  2430)  and  were  sub¬ 
sequently  stored  and  analyzed  by  an  IBM-PC  microcom¬ 
puter! 

Pressure  of  the  flowing  gas  in  the  cell  was  monitored 
by  a  Baratron  manometer  (MKS  Instrument).  All  mea¬ 
surements  were  performed  at  room  temperature.  Diluted 
mixtures  of  CF:C1:  (  <0.5  percent)  in  N2  or  Ar  and  di¬ 
luted  CH2C1  mixtures  (  —2.7  percent)  in  N2  were  pre¬ 
mixed  before  being  introduced  into  the  gas  cell.  The  pu¬ 
rities  of  N:  and  Ar(MG  Scientific)  were  better  than  99.998 
percent,  and  the  purities  of  CF;C1:  and  CH2C1  (Mathe- 
son  Gas  Products)  were  99.0  and  99.5  percent,  respec¬ 
tively.  These  gases  were  used  as  delivered. 

III.  Rksults  and  Discussion 
A.  Electron  Attachment  to  CF:CE 

The  electron  attachment  rate  constants  of  CF2C12  in  N2 
and  Ar  were  measured  at  various  E/N.  These  data  are 
used  to  infer  the  nature  of  negative  ions  produced  in  the 
discharge  medium.  In  these  measurements,  electrons  were 
produced  by  irradiation  of  the  cathode  with  KrF  laser  pho¬ 
tons  (see  Fig.  1).  The  transient  current  induced  by  elec¬ 
tron  motion  between  the  electrodes  under  an  applied  elec¬ 
tric  field  was  observed.  When  CF2C12  was  added  to  the 
buffer  gas.  the  electron  conduction  current  was  reduced 
due  to  electron  attachment  to  CF2CI2.  The  electron  at¬ 
tachment  rate  va  at  a  fixed  CF2CI2  concentration  was  ob¬ 
tained  from  the  decay  slopes  of  ln(///n)  versus  time, 
where  /  and  /0  are  the  current  with  and  without  CF2C12, 
respectively. 


The  electron  attachment  rate  constant  ka  is  determined 
by  J'.i/ICFiCU ].  Similar  to  the  previous  measurements 
[ B 1 ,  [9).  the  measured  values  in  Ar  buffer  gas  decrease 
with  increasing  [  CF:CI2  ] /]  Ar  |.  This  may  be  caused  by 
the  effect  of  CF:CI;  on  the  electron  energy  distribution  in 
Ar.  The  electron  attachment  rate  constant  of  CF2C12  is 
taken  as  the  extrapolated  value  of  va/\  CF2C12 )  at 
[  CF2C12  ]  =  0,  tor  which  the  electron  energy  distribution 
is  associated  with  pure  Ar.  The  measured  electron  attach¬ 
ment  rate  is  proportional  to  the  partial  pressure  of  added 
CF2C12  but  independent  of  buffer  gas  pressure,  indicating 
that  the  electron  attachment  is  a  two-body  dissociative 
process.  The  k„  values  of  CFC12  in  the  buffer  gases  of  N: 
and  Ar  at  various  E/N  are  shown  in  Fig.  2.  curves  (u) 
and  (h),  respectively,  where  the  buffer  gas  pressure  was 
about  250  torr.  The  experimental  uncertainty  is  estimated 
to  be  ±20  percent  of  the  given  value.  The  dotted  line  in 
Fig.  2  is  the  ka  value  of  CF;C1:  in  N2  measured  by 
McCorkle  et  al.  ( 7  ] .  The  agreement  between  these  two 
data  is  satisfactory. 

The  attachment  rate  constants  of  CF:CI2  in  N2  and  Ar 
are  plotted  in  Fig.  3  as  a  function  of  the  mean  electron 
energy  <  £  > .  The  mean  electron  energies  in  N:  and  Ar  at 
various  E/N  were  reproduced  from  the  calculation  of 
Hunter  and  Christophorou  [9].  Since  the  electron  energy 
distributions  in  Ar  and  N:  are  similar  [9 1 ,  it  is  expected 
that  the  ka  values  in  both  CF:C1;-N:  and  CF;CK-Ar  mix¬ 
tures  as  a  function  of  <  e  >  will  overlap  as  shown  in  Fig. 
3.  Our  datum  of  about  1.7  x  10"^  em'/s  at  <  £  >  —  0  lies 
among  the  reported  values  of  (0.4  -  3.2)  x  10  4cnr/s 
measured  at  thermal  electron  energy  [10]-[12]. 

As  shown  in  Fig.  3,  the  ktl  values  show  peaks  at  -0 
(thermal  energy)  and  -0.7  eV  and  a  broad  band  with  a 
maximum  around  3  eV.  The  ka  curse  indicates  the  elec¬ 
tron  energies  for  the  maxima  of  electron  attachment  cross 
sections,  which  show  three  peaks  at  0,  0.6,  and  3.5  eV  as 
measured  by  Pejcev  et  al.  [13].  These  k„  values  and  the 
electron  attachment  cross  sections  can  be  used  to  infer  the 
electron  attachment  process.  The  possible  dissociative 
electron  attachment  processes  of  CF;C1:  are 

CFxCl,  +  e  -  Cl"  +  CF;CI  A//=-0.17eV 

(  la) 

-  C17  +  CF;  0.86  eV 

(  lb) 

-  F"  +  CC1;F  1.50  eV 

(lc) 

-  CP  +  Cl  +  CF;  1.98  eV 

(  Id) 

-  CC17  +  F:  5.75  eV. 

(  let 

Here,  the  thermochemical  energies  were  calculated  from 
the  dissociation  energies  1 14]  of  3.5.  2.479,  and  1 .56  eV 


10 


462 


IEEE  TRANSACTIONS  ON  PLASMA  SCIENCE.  VOL  PS-15.  NO  4,  AUGUST  1987 


E/N  (  Td  ) 

Fig  2.  Electron  attachment  rate  constants  as  a  function  of  E/N  for  CF;C12 
in  buffer  gases  of  (a)  N2,  and  ( b )  Ar.  The  buffer  gas  pressures  were  -  250 
torr.  The  dotted  line  represents  the  data  of  McCorkle  e:  at.  (7] . 


Mean  Electron  Energy  <e'  (eV) 

Fig.  3.  Electron  attachment  rate  constant  of  CF2C12-N2  as  a  function  of 
mean  electron  energy  in  N2  (  A  )  and  Ar  ( • ). 

for  CF2C1-C1,  Cl-Cl,  and  F-F;  the  heats  of  formation 
[14],  [15]  of  -116.5,  -43.6,  18.36,  -21,  28.587,  and 
56.7  kcal/mol  forCF2Cl2,  CF2,  F,  CC12F,  Cl,  and  CC12; 
and  the  electron  affinities  [16]  of  3.67,  2.3,  3.44,  and  1.8 
eV  for  Cl,  Cl2,  F,  and  CC12,  respectively.  The  energy 
threshold  for  process  (la)  is  about  0.17  eV  below  the 
ground-state  energy  of  CF2C12,  indicating  that  this  is  the 
main  attachment  process  at  thermal  energy.  In  fact,  it  was 
reported  that  Cl"  was  the  only  observed  negative  ion  at 
thermal  energy  [12],  [17].  The  second  peak  may  correlate 
with  process  (lb),  and  the  broad  band  in  the  2-5-eV  re¬ 
gion  may  correlate  with  processes  (lc)  and  (Id). 

For  electron  energy  less  than  5  eV,  the  negative  ions 


are  dominated  by  Cl  ,  Cl2  ,  and  F~.  Since  Cl2  will  be 
photodissociated  into  Cl"  +  Cl  [18],  instead  of  being 
photodetached  into  Cl2  +  e,  and  the  photodetachment 
cross  section  of  F"  is  about  three  times  less  than  that  of 
Cl"  [6],  the  current  increase  in  the  next  section  is  mainly 
caused  by  the  photodetachment  of  Cl". 

B.  Enhancement  of  Conductivity  in  CF2C/2-/V2 

For  the  discharge  experiment,  the  CF2C12-N2  mixture 
was  discharged  between  negative  point-to-plane  elec¬ 
trodes  by  a  dc  high  voltage.  When  an  ArF  laser  was  used 
to  irradiate  the  discharge  medium,  dc  discharge  current 
was  switched  as  shown  in  Fig.  4,  where  the  transient  cur¬ 
rent  waveforms  were  taken  at  CF2C12  partial  pressures  of 
~0,  1,  and  2  mtorr  (see  Fig.  4(a),  (b),  and  (c),  respec¬ 
tively).  The  applied  voltage  was  -0.9  kV,  the  laser  en¬ 
ergy  flux  was  30  mJ/cm2,  and  the  laser  beam  diameter 
was  3  mm.  Each  waveform  is  the  average  of  64  pulses. 
As  shown  in  Fig.  4,  the  value  of  dc  current  decreases  with 
increasing  concentration  of  CF2C12.  This  current  decrease 
is  due  to  electron  attachment  to  CF2C12.  For  the  discharge 
medium  of  pure  N2,  the  discharge  current  is  not  affected 
by  the  laser  irradiation  at  t  =  0  as  shown  in  Fig.  4(a). 
When  trace  amounts  of  CF2C12  are  added  to  the  discharge 
medium,  the  current  increases  immediately  following  the 
laser  irradiation  as  shown  in  Fig.  4(b)  and  (c).  This  cur- 
rent-increase  pulse  has  a  duration  of  about  1  /is. 

The  current  increase  in  Fig.  4  is  not  due  to  the  transient 
response  of  the  discharge  circuit,  since  the  increased  cur¬ 
rent  I+  depends  on  [CF2C12]  as  shown  in  Fig.  5.  The 
increased  current  increases  linearly  with  [CF2C12]  at  low 
partial  pressures,  and  then  saturates  at  high  partial  pres¬ 
sures.  The  saturation  of  increased  current  at  high  CF2C12 
partial  pressure  is  probably  due  to  the  conduction  elec¬ 
trons  produced  by  laser  photodetachment  of  Cl"  being 
reattached  to  CF2C12.  The  current  increase  is  also  not  due 
to  the  photoionization  of  CF2C12.  Since  the  ionization  en¬ 
ergy  of  CF2C12  is  12.31  eV  [19],  it  requires  at  least  two 
ArF  laser  photons  (6.42  eV)  or  three  KrF  laser  photons 
(5  eV)  to  ionize  CF2C12.  In  Fig.  6,  the  current  increase 
is  linearly  proportional  to  laser  power  at  low  energy  flux, 
indicating  that  the  current  increase  is  most  likely  caused 
by  a  single  photon  process.  This  assertion  was  further 
checked  by  measuring  the  multiphoton-ionization  coeffi¬ 
cient  using  a  parallel-plate  drift-tube  apparatus.  The  two- 
photon-ionization  coefficients  of  several  molecules  have 
been  measured  using  ’his  apparatus  [20].  No  ionization 
current  was  detected  for  [  CF2C12  ]  up  to  5-mtorr  partial 
pressure.  This  result  indicates  that  the  multiphoton-ioni- 
zation  coefficient  is  very  small;  thus,  the  process  does  not 
produce  sufficient  electrons  to  cause  the  observed  current 
increase.  After  examining  all  possibilities,  the  current  in¬ 
crease  likely  results  from  the  increase  of  conduction  elec¬ 
trons  photodetached  from  the  negative  ions  by  laser  pho¬ 
tons.  Similar  transient  current  waveforms  were  observed 
in  the  discharge  medium  of  SOCl2-N2,  when  the  dis¬ 
charge  medium  was  irradiated  by  ArF  laser  pulses  [21]. 
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Fig  4  Transient  current  waveforms  after  the  discharge  medium  was  ir¬ 
radiated  by  ArF  laser  pulses.  The  partial  pressures  of  CF2C12  were  (a) 
-0,  (b)  1,  and  (c)  2  mtorr;  the  laser  energy  flux  was  30  mJ/cmJ;  the 
laser  beam  diameter  was  3  mm;  the  applied  voltage  was  -0.95  kV;  and 
the  N2  pressure  was  about  26  torr.  /  *  and  /  “  indicate  the  increase  and 
the  decrease  from  the  dc  current  level,  respectively. 


(  C P2CI2  ]  (  mTorr  ) 

Fig.  5.  Maximum  value  of  increased  current  /  *  as  a  function  of  the  CF2C12 
concentration. 

The  current  increase  versus  ArF  laser  energy  flux  is 
shown  in  Fig.  6,  curve  (a),  where  [CF2C12]  was  -1.2 
mtorT,  the  applied  voltage  was  -0.95  kV,  and  the  laser 
beam  diameter  was  3  mm.  The  beam  diameter  was  deter¬ 
mined  from  the  diameter  of  the  diaphragm  in  front  of  the 
gas  cell,  the  divergence  angle  of  the  laser  beam,  and  the 
distance  from  the  diaphragm  to  the  central  region  of  the 
gas  cell.  Since  only  the  central  portion  of  the  laser  beam 
was  used  (the  original  beam  sire  is  about  0.6  x  2  cm2), 
the  laser  flux  could  be  assumed  to  be  spatially  uniform. 
The  data  in  Fig.  6  can  be  used  to  derive  the  photodetach- 


463 


Laser  Energy  Flux  (mJ/cm^) 


Fig.  6.  Values  of  /  *  as  a  function  of  laser  energy  flux  for  (a)  ArF  and  (b) 
KrF  laser  irradiation  on  the  discharge  medium  of  CF2C12  in  N2.  The 
applied  voltage  was  -0.95  kV,  [CF2C12]  -  1 .2  mtorr,  [ N2]  -26  torr, 
and  the  laser  beam  diameter  was  3  mm.  The  solid  lines  are  the  best  (it 
to  the  data  using  (3). 

ment  cross  section  of  negative  ions  under  this  discharge 
condition.  The  number  of  negative  ions  N~  after  laser 
irradiation  is  given  by  [22] 

AT  =  No  (2) 

where  N0  is  the  number  of  negative  ions  before  laser  ir¬ 
radiation,  a  is  the  photodetachment  cross  section  at  the 
laser  wavelength,  J  is  the  laser  flux  at  the  central  region 
between  electrodes,  and  At  is  the  duration  of  laser  pulse. 
The  number  of  electrons  produced  by  laser  photodetach¬ 
ment  is 

AN,  =  No  ~  N~  =  (Vo  (1  -  e-°J“).  (3) 

ANe  can  be  determined  from  the  current  increase  I*, 
that  is,  7+_=  AN'W,  where  W  is  the  mean  electron  drift 
velocity.  W  may  be  affected  by  the  change  of  the  local 
field  due  to  laser  irradiation  on  the  discharge  medium  [5], 
However,  the  current  increase  was  measured  at  its  peak 
value  which  is  about  0.5  /xs  after  the  laser  irradiation.  At 
this  later  time,  most  of  the  electrons  produced  from  the 
laser  irradiation  have  moved  away  from  the  laser  irradia¬ 
tion  region.  In  this  region,  the  gas  property  is  not  affected 
by  the  perturbation,  and  E/N  may  recover  at  this  later 
time.  Thus,  W  at  this  later  time  may  be  nearly  constant, 
namely,  it  is  not  seriously  affected  by  the  laser  irradiation. 
Thus,  the  peak  current  /+  is  presumably  proportional  to 
AN,. 

The  experimental  data  of  Fig.  6,  curve  (a)  were  fitted  by 
this  equation  and  represented  as  a  solid  line  with  a  =  2.5 
x  10” 17  cm2.  This  uncertainty  of  the  0  value  is  about 
±20  percent  of  the  given  value.  The  photoelectron-de- 
tachment  cross  section  of  Cl”  has  been  measured  in  a  Cl” 
ion  beam  experiment  by  Mandl  [6]  from  the  threshold 
wavelength  (  -340  nm)  to  200  nm.  The  extrapolated 
value  from  [6]  at  193  nm  is  about  2.2  x  10” 17  cm2.  This 
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extrapolated  value  is  close  to  our  result  measured  under  a 
discharge  condition. 

The  saturation  experiment  was  also  performed  on  the 
same  gas  mixture  using  a  KrF  laser  (248  nm)  immedi¬ 
ately  after  the  ArF  experiment,  and  the  results  are  shown 
in  Fig.  6,  curve  (b).  The  experimental  conditions,  i.e., 
the  discharge  parameters,  laser  beam  size,  and  laser  beam 
position  (in  the  central  region  between  electrodes),  were 
kept  the  same  for  both  measurements.  The  experimental 
data  were  fitted  by  (3)  with  a  =  1  x  10' 17  cm2  as  shown 
by  the  solid  line  in  Fig.  6,  curve  (b).  Our  value  is  close 
to  the  photodetachment  cross  section  of  Cl’  measured  at 
248  nm  by  the  Cl'  beam  experiment  (6),  which  is  -  1.3 
x  10' 17  cm2.  The  good  agreement  between  these  a  values 
further  supports  the  assertion  that  Cl '  is  the  primary  neg¬ 
ative  ion  that  is  photodetached  to  induce  the  current  in¬ 
crease. 

C.  Enhancement  of  Conductivity  in  CHiCl-N2 

Laser-induced  enhancement  of  conductivity  was  also 
observed  in  the  discharge  medium  of  CH3C1  in  N2  buffer 
gas.  Fig.  7  shows  the  transient  current  waveforms  in¬ 
duced  by  ArF  laser  pulses  which  were  taken  at  CH3C1 
partial  pressures  of  ~0,  1 . 1,  and  4.3  mtorr  (see  Fig.  7(a), 
(b),  and  (c),  respectively)  in  an  applied  voltage  of  -0.9 
kV,  a  laser  energy  flux  of  40  mJ/cnr,  and  a  laser  beam 
diameter  of  3  mm.  As  shown  in  Fig.  7,  the  value  of  dc 
current  decreases  with  increasing  [  CH3Cl  ]  due  to  electron 
attachment  to  CH3C1;  however,  this  current  decrease  re¬ 
quires  more  CH3C1  gas  pressure  than  that  of  CF2C12,  be¬ 
cause  the  electron  attachment  rate  constant  ( 10]  of  the  for¬ 
mer  is  less  than  that  of  the  latter.  Similar  to  the  case  of 
CF2C12-N2  discharge  medium,  when  trace  amounts  of 
CH3C1  are  introduced  into  the  N2  discharge  medium, 
current  increases  immediately  following  the  laser  irradia¬ 
tion  at  t  =  0  as  shown  in  Fig.  7(b),  (c).  However,  in 
contrast  to  the  case  of  CF2CI2,  the  current  does  not  de¬ 
crease  below  the  dc  current  level  after  the  current  in¬ 
crease.  This  phenomenon  will  be  further  discussed  in  the 
next  section. 

Similar  to  the  case  of  CF2C12,  the  current  increase  in 
Fig.  7  is  not  due  to  photoionization  of  CH3C1.  The  ioni¬ 
zation  energy  of  CH3CI  is  1 1.28  eV  (19).  In  order  to  ion¬ 
ize  CH3CI,  it  requires  two  ArF  laser  photons  or  three  KrF 
laser  photons.  The  current  increase  /+  is  linearly  propor¬ 
tional  to  laser  power  at  low  laser  flux  as  shown  in  Fig.  8, 
curves  (a)  and  (b)  for  laser  wavelengths  of  193  and  248 
nm,  respectively.  The  primary  negative  ion  existing  in  the 
discharge  medium  of  CH3CI-N2  is  expected  to  be  Cl', 
produced  by  the  CH3CI  +  e  -»  CH3  +  Cl”  process  (23]. 
The  A H  for  this  process  is  -0.1  eV  as  calculated  from 
the  heats  of  formation  for  CH3CI  and  CH3  of  35.62  and 
-18.1  kcal/mol  [14],  respectively.  Thus,  Cl'  can  be 
produced  at  low  electron  energy,  and  it  is  expected  to  be 
the  dominant  ion  in  the  CH3C1-N2  discharge  medium.  The 
photoelectron-detachment  of  Cl'  is  again  the  cause  for 
the  laser-induced  current  increase. 

The  data  of  current  increase  shown  in  Fig.  8,  curves  (a) 


Time  (us) 


0  8  ’6 


Fig.  7.  Transient  current  wavelorms  induced  by  ArF  laser  irradiation  of  a 
discharge  medium  of  CH,CI-N,.  The  partial  pressures  of  CH,CI  were 
(a)  -0,  (b)  II.  and  (c)  4.3  mtorr.  the  laser  energy  flux  was  40  mJ/cm\ 
the  laser  beam  diameter  was  3  mm.  the  applied  voltage  was  -0.9  kV. 
and  the  N?  pressure  was  about  26  lon- 


Laser  Energy  Flux  (  mj/cm?  ) 

Fig.  8.  Current  increase  /  ’ .  as  a  function  of  laser  energy  flux  for  (a)  ArF 
and  ( b )  KrF  laser  madiation  on  the  discharge  medium  of  CH,CI  in  Ns. 
The  applied  voltage  was  -0.9  kV.  |CH,CI]  -7.3  mtore.  [N,|  -26 
ton,  and  laser  beam  diameter  was  -  3  mm.  The  solid  lines  are  the  best 
fit  to  the  data  using  (3). 

and  ( b )  were  taken  with  ( CH3C1  ]  -  7.3  mtorr,  the  applied 
voltage  of  -0.9  kV,  and  the  laser  beam  diameter  of  3 
mm.  These  two  data  sets  were  measured  under  the  same 
experimental  conditions.  The  experimental  data  were  fit¬ 
ted  by  (3)  with  the  a  values  of  2.5  x  10’ 17  cm2  at  193 
nm  and  1  x  10~17  cm2  at  248  nm.  These  two  values  co¬ 
incide  with  the  values  obtained  from  the  discharge  me¬ 
dium  of  CF2C12-N2.  This  excellent  agreement  between  the 
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photoelectron-detachment  cross  sections  measured  by  dif¬ 
ferent  experiments  further  supports  the  assertion  that  the 
current  increase  is  caused  by  the  photoelectron  detach¬ 
ment  of  Cl“  observed  in  the  discharge  media  studied. 

D.  Reduction  of  Conductivity  Observed  in  Discharge 
Medium  of  CF2C/2-jV2 

In  Fig.  4(b),  (c).  the  discharge  current  decreased  below 
the  dc  discharge  current  level  after  the  initial  current  in¬ 
crease.  This  transient  current  decrease  was  only  observed 
in  CF2C12  (Fig.  4)  but  not  in  CH,Ci  (Fig.  7).  This  current 
decrease  is  a  kind  of  current  oscillation  phenomenon 
which  will  depend  on  the  relative  impedances  of  all  cir¬ 
cuit  components.  It  is  possible  that  the  impedance  of  the 
CF2C12-N2  discharge  medium  could  be  changed  by  the 
laser  irradiation  such  that  its  combination  with  the  exter¬ 
nal  circuit  causes  a  resonance.  The  impedance  of  the  dis¬ 
charge  medium  could  be  changed  by  electron  attachment 
to  the  excited  state  of  CF2C13  and/or  to  photofragments 
produced  by  the  laser  excitation  of  CF2C12.  The  photoab¬ 
sorption  cross  section  (24|  of  CF2CI2  at  193  nm  is  4  X 
10'  w  cm2.  For  2  mtorr  of  CF2CI2,  a  concentration  of  101' 
cm'1  for  the  CF:C1  and  Cl  radicals  could  be  produced  by 
a  laser  energy  flux  of  30  mJ/cnr.  It  is  expected  that  vi- 
b rationally  excited  CF2CI2  and  excited  radicals  also  exist 
in  the  discharge  medium,  for  which  the  photoabsorption 
cross  sections  may  be  higher  than  that  of  CF2C12  in  the 
ground  state.  Therefore,  the  radicals  produced  by  laser 
irradiation  may  be  much  higher  than  the  concentration  ex¬ 
pected  from  photodissociation  of  CF2C12  in  the  ground 
state  alone.  If  the  concentration  of  radicals  produced  is 
1  O’ 3  cm"1  and  the  electron  attachment  rate  constant  of  this 
radical  is  10' 7  cm'/s,  then  the  current  decrease  due  to  the 
attachment  by  this  dissociation  product  could  occur  within 
a  microsecond,  which  is  about  the  time  scale  for  the  cur¬ 
rent  decrease  in  Fig.  4(b),  (c). 

The  ratio  of  the  maximum  current  decrease  /  “  to  the  dc 
current  /  is  plotted  against  [CF2C12]  in  Fig.  9,  curve  (a). 
The  value  of  /  ' //  increases  at  low  [  CF2C12 1  but  saturates 
at  higher  (CF2CI2|.  Curve  ( b )  of  Fig.  9  shows  the  pulse- 
width  (FWHM)  of  the  transient  current  as  a  function  of 
[ CF;C12 1 .  The  pulsewidth  increases  at  low  [CF2C12]  but 
it  saturates  at  high  pressure.  It  is  also  observed  that  the 
pulsewidth  is  almost  linearly  proportional  to  the  laser 
beam  diameter.  Present  observation  indicates  that  the  time 
for  the  reduction  of  a  discharge  current  (duration  of  /  '  ) 
can  be  controlled  by  changing  laser  beam  size  and  con¬ 
centration  of  CF2CI2.  This  effect  can,  in  principle,  be  used 
to  control  the  recovery  time  and  repetition  rate  of  a  dis¬ 
charge  switch. 

IV.  Conclusion 

Electron  attachment  rate  constants  of  CF2C12  in  N2  and 
Ar  buffer  gases  are  measured  at  various  E/N.  Such  data 
were  used  to  deduce  that  the  Cl',  Cl2',  and  F'  were  the 
dominant  negative  ions  in  the  discharge  media  studied. 
The  transient  current  increase  induced  by  laser  irradiation 
of  the  discharge  medium  is  attributed  to  enhanced  pho- 


:Cr2C:2l  rrTorr  : 

Fill  9  (a)  Ratio  of  the  maximum  decreased  current  /  to  the  dc  discharge 
current  /.  (/>)  Duration  i  F  W H M )  ot  the  decreased  current  pulse  as  a  func¬ 
tion  ot'CF.CU  concentration. 

toelectron  detachment  of  Cl  by  laser  photons.  A  de¬ 
crease  of  transient  current  below  the  dc  current  is  also 
observed  in  the  discharge  medium  of  CF2C12-N2,  which 
is  likely  a  kind  of  current  oscillation  caused  by  impedance 
change  of  the  discharge  medium  by  laser  irradiation.  For 
the  discharge  medium  of  CHiCI-N;.  only  the  transient 
current  increase,  but  not  the  current  decrease,  was  ob¬ 
served.  The  photodetachment  cross  sections  of  Cl"  under 
a  discharge  condition  were  measured  to  be  2.5  x  10  17 
cm2  at  193  nm  and  1.0  x  10  17  cm2  at  248  nm.  These 
values  are  close  to  the  data  measured  by  a  negative  ion 
beam  experiment. 

This  experiment  demonstrates  that  the  discharge  cur¬ 
rent  can  be  switched  by  laser-induced  molecular  pro¬ 
cesses.  This  information  is  useful  for  the  development  of 
diffuse-discharge  switches. 
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Abstract.  Laser-induced  increases  of  discharge  current  were  observed  in  the 
discharge  media  containing  various  halogen  compounds  (F2,  HF,  HCI,  Cl2,  HBr, 
CH3Br,  CH3I  and  CH2I2)  in  N2.  The  increases  of  transient  current  were  attributed 
to  the  photodetachment  of  negative  ions  in  the  discharge  media.  On  the  basis  of 
general  considerations,  the  negative  ions  present  in  the  discharge  are  assumed  to 
be  the  atomic  halogen  negative  ions.  Photodetachment  cross  sections  were 
determined  from  the  current  increases  as  a  function  of  laser  flux.  Photodetachment 
cross  sections  of  F",  Cl",  Br"  and  I"  are  (0.75,  2.5,  3.3  and  7.0)  x  10"17  cm2  at 
193  nm  and  (0.6,  1.0,  1.5  and  3.0)  x  10'17  cm2  at  248  nm,  respectively.  These 
data  are  compared  with  the  earlier  results  of  negative  ion  beam  experiments  and 
theoretical  calculations. 


1.  Introduction 

Photodetachment  of  negative  halogen  ions  occurs  in 
the  atmosphere  and  in  discharge  systems  (Smirnov 
1982).  The  photodetachment  cross  sections  of  negative 
halogen  ions  are  generally  of  interest  for  the  studies  of 
laser  and  plasma  physics.  Recently,  the  photo¬ 
detachment  processes  of  F"  and  C"  in  discharge 
media  containing  NF3  (Greenberg  et  al  1984),  Cl, 
(Gottscho  and  Gaebe  1986),  as  well  as  CF:C12  and 
CH3C1  (Wang  and  Lee  1987)  were  studied.  These  pho¬ 
todetachment  data  are  useful  for  the  development  of 
diffuse  discharge  switches  (Schaefer  et  al  1983,  Schaefer 
and  Schoenbach  1986),  as  well  as  for  understanding  the 
etching  and  deposition  processing  of  electronic 
materials. 

Photodetachment  cross  sections  of  negative  halogen 
ions  have  been  calculated  by  several  investigators 
(Rescigno  et  al  1978,  Ishihara  and  Foster  1974, 
Robinson  and  Geltman  1967,  Ciodiusef  a/  1983,  Rado- 
jevic  et  al  1987)  and  also  measured  by  several  experi¬ 
ments  (Vacquie  et  al  1987,  Rothe  1969,  Mandl  1971, 
1976).  Photodetachment  cross  sections  were  previously 
all  measured  at  wavelengths  longer  than  200  nm 
(>200  nm  for  F",  Cl",  Br  ;  and  >300  nm  for  I")  with¬ 
out  the  presence  of  an  electric  field. 

In  this  work,  the  photodetachment  cross  sections  of 
F",  Cl",  Br"  and  I"  in  discharge  media  were  measured 
at  193  nm  (ArF  laser)  and  248  nm  (KrF  laser).  The 
negative  halogen  ions  were  produced  by  DC  glow  dis¬ 
charges  of  gas  mixtures  of  various  halogen  compounds 


(F:,  HF,  HCI.  Cl,,  HBr,  CH,Br,  CH,I  and  CH;1,)  in 
N,  buffer  gas.  When  the  discharge  media  were  irradi¬ 
ated  by  laser  pulses,  transient  current  increases  were 
observed.  The  current  increase  is  attributed  to  the  pho¬ 
todetachment  of  electrons  from  negative  ions.  The 
photodetachment  cross  sections  of  negative  ions  were 
determined  from  the  plots  of  current  increase  versus 
laser  flux  integral.  The  possible  negative  ions  existing 
in  the  discharge  media  are  discussed  in  this  paper.  A 
comparison  of  the  measured  photodetachment  cross 
sections  with  the  published  experimental  data  and 
theoretical  values  is  made. 


2.  Experimental 

The  experimental  set-up  is  shown  in  figure  1.  where 
the  gas  cell  used  is  a  six-way  black-anodised  aluminium 
cross  of  150  mm  od.  Inside  the  gas  cell,  the  cathode 
was  a  steel  wire  0.5  mm  in  diameter  with  a  hemisphere 
tip,  and  the  anode  was  a  stainless  steel  plate  5  cm  in 
diameter,  they  being  placed  1.5  cm  apart.  A  dc  nega¬ 
tive  high  voltage  was  applied  to  the  cathode  through  a 
5.6  MQ  resistor.  The  discharge  current  was  measured 
by  the  voltage  across  a  1000  Q  resistor  connecting  the 
anode  to  ground  with  an  input  capacitance  of  about 
10"loF.  An  excimer  laser  beam  (Lumonics  Model 
861S)  was  used  to  irradiate  the  discharge  medium, 
where  the  laser  pulse  duration  (fwhm)  was  10ns  with 
a  tail  of  about  8  ns  and  the  beam  size  was  about  3  mm 
in  diameter.  The  laser  beam  size  was  limited  by  a 
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Figure  1.  A  schematic  diagram  of  the  experimental 
apparatus.  The  electrode  spacing  was  =1.5  cm. 


diaphragm  placed  in  front  of  the  gas  cell.  The  actual 
beam  size  in  the  discharge  medium  is  affected  by  the 
divergence  angle  of  the  laser  beam  and  the  distance 
between  the  diaphragm  and  the  discharge  region. 
These  factors  were  taken  into  account  in  the  calculation 
of  laser  flux.  Since  only  the  central  portion  of  the  laser 
beam  was  used  in  the  experiment  (the  original  beam 
size  was  about  0.6  x  2  cm2),  the  laser  flux  was  assumed 
to  be  spatially  uniform.  The  laser  flux  was  measured 
by  an  energy  meter  (Scientech  Model  365)  behind  the 
exit  window  of  the  gas  cell,  where  the  window  trans¬ 
mission  is  about  90%  for  KrF  and  80%  for  ArF.  The 
transient  current  waveforms  induced  by  laser 
irradiation  were  monitored  by  a  150  MHz  digital 
storage  oscilloscope  (Tektronix  2430)  and  were  sub¬ 
sequently  stored  in  an  IBM-PC  microcomputer. 

The  gas  pressure  was  monitored  by  a  MKS-Bara- 
tron  manometer,  where  the  total  pressure  was  about 
25  Torr.  All  measurements  were  performed  at  room 
temperature.  Most  of  the  halogen  compounds  were 
premixed  in  N2  before  being  introduced  into  the  gas 
cell.  The  purity  of  N:  (MG  Scientific)  was  better  than 
99.998%.  The  purities  of  HF,  HBr  and  CHjBr.  sup¬ 
plied  by  Matheson  were  99.9%.  99.8%  and  99.5%, 
respectively.  Diluted  F:  (10%  in  He.  Matheson).  Cl: 
(2%  in  He.  Matheson),  and  HC1  (20%  in  He.  MG 
Scientific)  were  used  as  delivered  The  purities  for  the 
liquids  of  CH,I  and  CH2I2  (Alfa  Products)  were  better 
than  99.0%.  Each  liquid  was  kept  in  a  Teflon  bottle 
inside  a  stainless  steel  container.  The  liquid  in  the  stain¬ 
less  steel  container  was  continuously  pumped  for  a 
few  hours  at  the  dry  ice  temperature,  before  it  was 
introduced  into  the  gas  cell. 


3.  Results  and  discussion 

A  point-to-plane  discharge  was  sustained  by  applying 
a  negative  dc  high  voltage  of  700-900  V  to  the  N; 
medium.  When  a  trace  amount  of  halogen  compound 
was  introduced  into  the  gas  cell,  the  dc  discharge 


current  decreased  due  to  electron  attachment  to  the 
halogen  compound.  The  amount  of  current  decrease 
depends  on  the  concentration  and  species  of  halogen 
compounds.  The  higher  the  concentration  added,  the 
greater  was  the  current  decrease.  Also,  the  current 
decrease  increases  with  the  electron  attachment  rate  of 
halogen  compound.  For  example,  the  attachment  rate 
constant  of  HC1  at  low  electron  energy  is  about  10'"' 
cm-'  s'1  (Sze  el  al  1982)  and  the  attachment  rate  con¬ 
stant  of  CH,I  at  thermal  energy  is  7  x  10  s  cm'  s'1 
(Christophorou  1976).  When  0.2mTorr  of  HC1  and 
0.  lmTorr  of  CHd  were  added  into  N2  discharge 
media,  the  DC  discharge  currents  were  reduced  from 
55  uA  to  41  uA  (see  figure  2 (b))  and  to  23  uA  (see 
figure  2(d)).  respectively.  Experimental  results  indicate 
that  the  major  negative  ions  in  the  discharge  media  are 
atomic  halogen  ions  (see  the  following  discussion). 


Time  '  jlS I 


Figure  2.  Transient  current  waveforms  produced  by  the 
ArF  laser  irradiation  of  discharge  media.  The  partial 
pressures  of  various  halogen  compounds  were  (a)  [F2]  = 
0.15,  ( b )  [HCI]  =  0.2.  (c)  [HBr)  =  1.0,  and  (d)  [CH3I]  = 

0.1  mTorr.  The  energy  fluxes  of  the  ArF  laser  were  (a)  35. 
(6),  26,  (c)  14,  and  (d)  30mdcm  *.  The  applied  voltages 
were  (a)  -0.7,  (fc>)  -0.9,  (c)  -0.8,  and  (d)  -0.9 kV.  The  N2 
pressure  was  about  25  Torr  and  the  laser  beam  diameter 
was  =3  mm. 

When  the  discharge  media  were  irradiated  bv  exci- 
mer  laser  pulses,  the  discharge  current  increased 
initially  and  then  recovered  to  the  original  dc  level 
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after  a  few  ft s,  as  can  be  seen  from  figures  2(a)  and 
2(c)  for  the  discharge  media  of  F2  and  HBr,  respect¬ 
ively.  For  the  discharge  media  of  HC1  (figure  2(b)) 
and  CHjI  (figure  2(d)),  the  discharge  current  did  not 
recover  to  the  DC  level  after  a  few  /us,  but  showed  a 
kind  of  current  oscillation.  This  oscillation  could  be 
due  to  the  impedance  change  of  the  discharge  medium 
caused  by  laser  irradiation. 

The  transient  current  increase  depends  on  the  par¬ 
tial  gas  pressure  of  the  halogen  compound  as  shown  in 
figure  3.  The  increased  current  increases  linearly  with 
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Figure  3.  The  peak  values  of  the  transient  current 
increase,  A/,  as  a  function  of  the  partial  pressure  of  HBr, 
where  the  ArF  laser  energy  is  =  14  mj  cm  2. 


[HBr]  at  low  partial  pressures  but  saturates  at  high 
partial  pressures.  The  saturation  of  increased  current 
(or  the  negative  ion)  at  high  HBr  partial  pressure  may 
be  due  to  conduction  electrons  being  mostly  attached 
to  HBr.  Since  the  increased  current  depends  on  [HBr] 
as  shown  in  figure  3,  the  transient  current  increase  is 
thus  not  due  to  the  transient  noise  induced  by  the  laser 
discharge.  The  current  increase  is  also  not  due  to  the 
photo-ionisation  of  halogen  compounds  except  for  the 
case  of  CL  (see  §  3.4).  For  the  molecules  studied,  the 
ionisation  energies  are  in  the  9.5-16  eV  range,  for 
example,  the  ionisation  energies  are  9.54  eV  for  CH31 
and  '-5.77  eV  for  HF  (Watanabe  et  al  1962).  It  requires 
at  least  two  ArF  (or  KrF)  laser  photons  to  ionise  these 
halogen  compounds,  namely,  by  a  multiphoton  ion¬ 
isation  process.  The  current  increases  in  most  discharge 
media  are  linearly  proportional  to  laser  power  at  low 
laser  power  (see  figures  4  and  5),  indicating  that  the 
current  increase  is  caused  by  a  single  photon  process. 
The  assertion  that  the  current  increase  is  not  caused  by 
photo-ionisation  of  the  halogen  compound  is  further 
checked  by  measuring  the  two-photon  ionisation  coef¬ 
ficient  using  a  parallel-plate  drift-tube  apparatus  (Wang 
and  Lee  1985).  Except  for  Cl2  irradiation  by  an  ArF 
laser  (see  §  3.4),  no  currents  due  to  ionisation  of  neutrals 
were  detected  with  exposure  of  the  studied  molecules  to 
193  and  248  nm  radiation.  From  the  above  experimental 
facts,  it  is  concluded  that  the  current  increase  is  pro- 


Figure  4.  The  peak  values  of  current  increase  versus  the 
energy  fluxes  of  the  /<rF  laser  (248  nm)  in  the  discharge 
media  containing  F2  (curve  A),  HCl  (curve  B),  HBr  (curve 
C),  CH31  (curve  D),  and  Cl2  (curve  E).  The  applied  voltages 
were  -0.7,  -0.9,  -0.8,  -0.9  and  -0.9  kV,  respectively, 
and  the  partial  pressures  of  the  halogen  compounds  were 
0.15,  0.2,  1.0,  0.1,  and  0.8mTorr,  respectively.  The  full 
curves  are  the  best  fit  to  the  data  using  equation  (2). 


Figure  5.  The  peak  current  increases  versus  the  energy 
fluxes  of  the  ArF  laser  (193  nm)  in  the  discharge  media 
containing  F2  (curve  A),  HCl  (curve  B),  HBr  (curve  C),  and 
CH3I  (curve  D).  The  applied  voltages  were  -0.7,  -0.9, 
-0.8,  and  -0.9  kV  respectively,  and  the  partial  pressures 
of  the  halogen  compounds  were  0.15,  0.2,  1.0,  and 
0.4  mTorr,  respectively.  The  full  curves  are  the  best  fit  to 
the  data  using  equation  (2). 


duced  only  by  the  photodetachment  process.  Thus,  the 
current  increase  as  a  function  of  laser  flux  can  be  used  to 
derive  the  photodetachment  cross  section  as  described 
below. 

The  number  of  negative  ions,  V  ,  after  laser 
irradiation  is  obtained  by  integration  of  an  expression 
given  by  (Taillet  1969) 

/V  =  e  "JAl  (1) 
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where  A/J  is  the  number  of  negative  ions  before  laser 
irradiation,  a  is  the  photodetachment  cross  section  at 
the  laser  wavelength.  J  is  the  laser  flux,  and  At  is 
the  duration  of  laser  pulse.  The  number  of  electrons 
produced  by  laser  photodetachment  is 

AiVc  =  <V,7  -  AT  =  NC,  (1  ~  e (2) 

Here.  A Nt  can  be  determined  from  the  current 
increase.  A/,  that  is.  A /  *  AA^.W.  where  W  is  the  mean 
electron  drift  velocity.  It  should  be  noted  that  VV  could 
be  affected  by  the  change  of  local  field  due  to  laser 
irradiation  of  the  discharge  medium  (Gottscho  and 
Gaebe  1986).  In  our  experiment,  the  current  increase 
was  measured  at  its  peak  which  is  about  0.3  i/s  after 
laser  irradiation  (see  figure  2).  At  this  later  time,  most 
of  the  photodetachment  electrons  have  moved  away 
from  the  laser  irradiation  region  to  enter  a  region 
where  the  gas  property  is  not  seriously  affected  by 
the  perturbation.  Also,  the  electric  field  that  may  be 
disturbed  by  the  laser  irradiation  will  recover  at  this 
later  time.  Thus,  the  VV  at  this  later  time  is  expected 
to  be  nearly  constant,  and  the  peak  current.  A/,  is  thus 
proportional  to  A  TV.. 

The  other  sources  of  uncertainty  relevant  to 
equation  (2)  are  the  laser  beam  profile  and  secondary 
reaction  processes  (Gottscho  and  Gaebe  1986).  In 
deriving  (2).  the  laser  beam  intensity  was  assumed  to 
be  uniform.  Thus  was  justified  by  using  only  the  central 
portion  of  the  laser  beam  for  the  experiment.  The 
secondary  reaction  processes  should  not  be  important 
in  our  experiment  because  the  concentration  of  halogen 
compound  was  small.  As  an  example,  the  electron 


attachment  rate  constant  of  CH-.J.  which  is  the  highest 
among  the  halogen  compounds  we  investigated,  is 
7  x  10  s  cm' s  1  (Christophorou  1976)  at  thermal 
energy.  For  0.1  mTorr  of  CH-,1.  its  maximum  attach¬ 
ment  rate  is  2.3  x  KF  s  1  and  the  reaction  time  is  about 
4  [is  which  is  much  longer  than  the  duration  of  the  laser 
pulse  and  the  current-increase  pulse.  Thus,  the  electron 
attachment  process  does  not  affect  the  measurement 
of  A  A,.. 

In  figure  2.  there  is  about  a  0.3  us  delav  in  the 
observation  of  peak  current  increase.  This  delay  time 
may  be  the  combination  of  the  RC  time  constant  (  = 
0.1  ns)  of  the  input  circuit,  the  relaxation  time  for  the 
photodetached  electrons  to  reach  an  equilibrium  state, 
and  the  drift  time  of  the  photodetached  electrons  to 
the  anode.  I'he  rapid  current  drop  after  the  peak  is 
likely  due  to  the  absorption  of  electrons  by  the  anode, 
but  not  charge  recombination  or  electron  attachment. 
The  charge  recombination  coefficient  of  N7  at  room 
temperature  is  about  3  x  10'7cm's  1  (Kasner  1967). 
For  an  ion  density  of  approximately  10"  cm  1  in  our 
discharge  system,  the  recombination  rate  is  3  x  1()4  s  ', 
which  is  much  slower  than  the  current  drop  rate.  CHd 
has  a  maximum  electron  attachment  rate  of 
2.3  x  105  s ' 1  which  is  the  highest  for  all  the  molecules 
we  studied.  This  is  also  much  smaller  than  the  current 
drop  rate. 

The  o-values  are  determined  by  the  best  fit  of 
experimental  data  of  A /  versus  laser  flux  with  equation 
(2)  as  shown  in  figures  4  and  5.  The  photodetachment 
cross  sections  are  listed  in  table  1  for  both  the  KrF 
(248  nm)  and  ArF  (193  nm)  laser  wavelengths.  The 


Table  1.  Photodetachment  cross  sections  of  negative  halogen  ions  at  248  and  193  nm  (in  units  of 
10  ,8cm2). 


Ions 

Compounds 

studied 

248  nm 

193  nm 

This 

work 

Other 

experimental 

values 

Theoretical 

values 

This 

work 

Theoretical 

values 

F 

f=2 

6 

5.5a 

6.5D,  5.5C 

8 

7.3d.  9.4d 

HF 

6 

7.8d,  7.3e 

7 

7  8® 

6.79 

Cl 

HCI 

10 

25 

27°.  209 

Cl2 

10 

14' 

17d.  169 

CF2CI2 

10h 

25" 

CHjCI 

10” 

25” 

Br 

HBr 

15 

19' 

28d  20® 

30 

44°,  26s 

CH3Br 

15 

35 

1 

ch3i 

30 

49d.  319 

75 

83d,  40® 

ch2i2 

65 

a  Mandl  (1971). 

6  Rescigno  et  a I  (1978). 
c  Ishihara  and  Foster  (1974). 
d  Robinson  and  Geltman  (1967). 
*  Clodius  et  at  ( 1983). 

'  Mandl  (1976). 

9  Radojevic  et  at  (1987). 
n  Wang  and  Lee  (1987). 
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experimental  data  (Mandl  1971.  1976)  and  the  theor¬ 
etical  calculated  values  (Rescigno  et  al  1978.  Ishihara 
and  Foster  1974.  Robinson  and  Geltman.  1967.  Clodius 
et  al  1983,  Radojevic  et  al  1987)  are  also  listed  in  table 
1  for  comparison.  The  uncertainty  of  the  o-values  is 
estimated  to  be  about  ±20 %  of  the  given  value.  The 
current  increases  of  the  iodine  discharge  media  are 
almost  saturated  at  high  laser  power,  so  the  uncertainty 
is  small  (±10rT).  However,  for  F  .  the  uncertainly  is 
large  (±3()9T)  because  the  current  increases  are  not 
quite  saturated  at  high  laser  power  density. 

The  magnitude  of  the  transient  current  increase 
depends  on  the  interaction  position  of  the  laser  beam 
and  plasma.  Near  the  cathode,  the  field  is  highly 
inhomogeneous  and  VV'  may  vary  with  position.  The 
current  increase  is  higher  when  the  laser  beam  is  close 
to  the  cathode  than  that  at  the  central  region  between 
electrodes.  This  is  due  to  the  variation  of  negative 
ion  concentration  and  electron  drift  velocity  inside  the 
plasma.  Although  the  magnitude  of  current  increase 
changes  with  position,  the  photodetachment  cross  sec¬ 
tions  measured  at  different  positions  are  the  same  for 
all  gas  mixtures  studied,  except  for  HF-N:.  For  the 
discharge  medium  of  HF-N:,  two  different  apparent 
photodetachment  cross  sections  were  obtained  at  dif¬ 
ferent  positions:  we  assume  that  the  composition  of 
the  negative  ion  population  was  different  at  different 
positions.  The  results  for  various  discharge  media  are 
discussed  below. 

3.1.  F, 

The  transient  current  waveform  produced  by  ArF  laser 
irradiation  of  the  discharge  medium  of  F:-N:  is  shown 
in  figure  2  (a),  where  the  waveform  was  the  average 
of  64  pulses.  The  peak  current  increases  versus  ArF 
and  ArF  laser  energy  flux  are  shown  in  figures  4  (curve 
A)  and  5  (curve  A),  respectively.  The  full  curves  in 
these  figures  are  the  best  fit  of  the  experimental  data 
with  equation  (2).  from  which  the  photodetachment 
cross  sections  were  determined  and  listed  in  table  1. 

The  electron  attachment  to  F:  has  the  highest 
attachment  rate  constant  of  —  5.0  x  10  "cm's  1  near 
the  thermal  energy  (Tam  and  Wong  1978.  Chen  et  cil 
1977).  The  electron  attachment  to  F:  is  mainly  by  the 
dissociative  attachment  process  that  produces  the  only 
stable  negative  ion.  F  .  In  our  experiment,  when  a 
trace  amount  of  F:  was  introduced  into  the  discharge 
medium  of  N:.  the  dc  current  decreased  due  to  elec¬ 
tron  attachment  to  F:.  Since  the  electron-impact  exci¬ 
tation  of  F:  mainly  dissociates  into  F  +  F  ,  it  is 
presumed  that  F  is  the  major  negative  ion  in  the 
discharge  medium.  Although  other  negative  ions  may 
be  produced  through  processes  such  as  the  three-body 
electron  attachment  process  and  ion-molecule  reac¬ 
tions.  the  concentrations  of  these  ions  are  expected  to 
be  small  when  compared  with  F  .  For  example,  the 
second  most  dense  ion  in  the  discharge  medium  is  likely 
to  be  F:  .  However.  Fj  can  not  be  produced  by  the 
charge  transfer  of  F'  to  F:,  because  the  electron  affinity 


( [  a )  of  F  (3.4  eV)  is  higher  than  that  of  F:  (2.9  eV) 
(Chrixtodoulides  et  al  1984).  F:  can  be  only  produced 
by  a  three-body  attachment  process  for  which  the 
attachment  rate  is  usually  much  smaller  than  the  two- 
bodv  process  that  leads  to  F  .  In  order  to  confirm  that 
our  measurement  is  indeed  due  to  F  ,  we  also  studied 
the  discharge  medium  of  HF  needed  to  produce  F 
as  discussed  in  the  next  section.  The  good  agreement 
between  these  systems  supports  the  theory  that  the 
measured  photodetachment  cross  section  associates 
with  F  . 

At  248  nm.  our  data  agree  with  the  earlier  data 
measured  by  the  negative  ion  beam  experiment  (Mandl 
1971)  and  the  theoretical  values  as  listed  in  table  1.  At 
193  nm.  no  experimental  data  are  available,  but  our 
value  is  consistent  with  the  theoretical  calculations  as 
also  listed  in  table  I.  This  good  agreement  suggests 
that  the  photodetachment  cross  section  of  negativ  e  ions 
in  the  F:-N:  discharge  medium  really  associates  with 
F".  The  good  agreement  seems  also  to  indicate  that 
this  determination  of  the  photodetachment  cross  sec¬ 
tion  is  not  significantly  affected  by  the  electric  field  in 
the  discharge  medium. 

3.2.  HF 

The  photodetachment  cross  section  of  the  negative  ion 
in  the  discharge  medium  of  HF-N,  was  determined  to 
compare  with  that  of  the  F:-N:  system.  However,  for 
this  mixture,  the  apparent  photodetachment  cross  sec¬ 
tion  depends  on  laser  beam  position.  When  the  laser 
beam  axis  was  about  0.5  cm  away  from  the  cathode 
(the  electrode  spacing  was  1.5  cm  and  the  beam  dia¬ 
meter  was  0.3 cm),  the  measured  photodetachment 
cross  sections  are  7.0  x  10  lxcm:  at  193  nm  and 
6.0  x  10  lscm:  at  248  nm.  in  agreement  with  those 
values  measured  from  the  F:-N:  discharge  medium. 
However,  when  the  laser  beam  is  moved  to  the  centre 
between  the  electrodes,  the  photodetachment  cross 
sections  become  as  large  as  4.0  x  [0  l7cm:  at  193  nm 
and  2.5  x  10  |7cm:  at  248  nm.  As  an  illustration  of 
the  difference,  the  current  increases  versus  ArF  laser 
energy  fluxes  measured  at  the  laser  beam  about  0.5  cm 
away  from  the  cathode  (curve  A)  and  the  centre  of 
the  electrodes  (curve  B)  are  shown  in  figure  6.  The 
photodetachment  cross  section  deduced  from  curve  A 
in  figure  6  is  much  smaller  than  that  from  curve  B  in 
figure  6.  The  results  show  that  two  different  kinds  of 
negative  ions  exist  in  the  discharge  medium  of  HF-N;, 
which  is  further  discussed  below. 

The  possible  electron  attachment  processes  for  HF 
are 

HF  +  e— *  F  +  H  A//-  2.5  eV  (3«l 

HF  +  e  — »  H  +  F  AH  --  5. 1  eV  (36) 

where  the  thermochemical  energies.  AH,  were  taken 
from  the  dissociation  energy  (or.)  of  5.86  eV  for  HF 
(Okabe  1978),  and  the  electron  affinities  (t  v)  of  3.4 
and  0.8 eV  for  F  and  H  (Christodoulides  et  al  1984). 
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laser  energy  flux  'mj  cm  m\ 


Figure  6.  The  peak  values  of  current  increase  versus  the 
ArF  laser  (193  nm)  energy  fluxes  in  the  discharge  medium 
of  HF-N2,  where  the  laser  beam  position  was  0  5  cm  away 
from  the  cathode  (curve  A)  and  at  the  centre  between  the 
electrodes  (curve  B).  The  electrode  spacing  was  1.5  cm 
and  the  beam  diameter  was  0.3  cm.  The  partial  pressure  of 
HF  was  0.3  mTorr. 


The  electron  attachment  cross  section  of  HF  (Abouaf 
and  Teillet-Billy  1980)  shows  that  F  is  produced  in 
the  energy  range  of  2.3  to  3.5  eV.  In  a  glow  discharge 
system,  the  closer  to  the  cathode,  the  higher  is  the 
electrode  field  (Doughty  et  al  1984.  1985);  thus,  the 
electron  energy  near  the  cathode  is  expected  to  be 
higher  than  that  in  the  plasma  region  where  the  electric 
field  is  relatively  small.  According  to  the  results  of 
figure  6.  F  was  produced  more  near  the  cathode 
(sheath)  region  than  in  the  central  region  (plasma 
region).  Since  the  electron  energy  required  to  produce 
H"  is  higher  than  5eV,  the  concentration  of  H  is 
expected  to  be  small.  A  further  investigation  of  the  ion 
species  in  the  plasma  region  is  of  interest. 

3.3.  HC1 

Electron-impact  excitation  of  HCI  will  produce  Cl 
(AF/  =  0.76eV)  or  H  (A H  -  3.63  eV),  where  the  A H- 
values  are  taken  from  the  de  of  4.43  eV  for  HCI 
(Okabe  1978)  and  the  ea  of  3.67  eV  for  Cl  (Christo- 
doulides  et  al  1984).  Cl  is  produced  in  the  energy 
range  of  0.5  to  1.5  eV.  while  H  is  produced  in  the 
range  -6  to  11  eV  (Azria  et  al  1974,  1980).  Because 
the  mean  electron  energy  in  N;  is  usually  low.  Cl"  is 
expected  to  be  the  dominant  negative  ion  in  the  dis¬ 
charge  medium  of  HC  1-N:.  The  measured  photo¬ 
detachment  cross  sections  should  thus  associate  with 
Cl'.  Our  value  at  248  nm  (derived  from  figure  4  (curve 
B))  is  close  to  the  measurement  of  Mandl  (1976)  by 
beam  experiment  as  listed  in  table  1.  At  193  nm.  no 
experimental  data  are  available,  but  our  value  is  con¬ 
sistent  with  the  theoretical  calculation  as  listed  in  table 
1. 


dominant  negative  ions  in  the  CL-N  <  discharge 
medium.  At  248  nm.  ihe  photodetachment  cross  sec¬ 
tion  of  Cl  in  the  discharge  medium  of  Cl:-N:  (derived 
from  figure  4  (curve  E))  was  determined  to  be 
1.0  x  10  l7cm:  which  is  consistent  with  the  values 
determined  from  other  chlorine  compounds.  At 
193  nm.  the  current  increase  perisistently  increases 
with  laser  flux  without  saturation;  thus,  the  photo¬ 
detachment  cross  section  can  not  be  determined. 

The  current  increase  at  193  nm  is  partly  caused  bv 
the  two-photon  ionisation  process.  The  ionisation 
energy  of  CL  is  II.48eV  (Watanabe  et  at  196 2).  At 
193  nm  (6.42  eV).  two-photon  ionisation  of  CL  is  ener¬ 
getically  possible.  This  multiphoton  process  is  sup¬ 
ported  by  the  observation  that  (i)  the  current  increase 
pulse  occurs  even  though  the  gas  medium  is  not  dis¬ 
charged.  and  (ii)  the  current  increase  is  proportional 
to  the  square  of  laser  power  density  as  shown  in  figure 
7.  Because  of  interference  by  this  multiphoton  process, 
the  photodetachment  cross  section  of  C'l  can  not  be 
determined  from  the  CL-N:  discharge  medium. 


Figure  7.  The  two-photon  ionisation  signal  versus  the 
energy  flux  of  the  ArF  laser  (193  nm)  for  Cl2  in  N2  where  a 
parallel-plate  drift-tube  apparatus  was  used.  The  oc  current 
was  zero,  the  applied  voltage  was  0.6  kV,  and  the  partial 
pressure  of  Cl2  was  0.2  mTorr. 


The  photodetachment  cross  sections  of  negative 
ions  in  the  discharge  media  of  CF:CL-N;  and  CHiCI- 
N:  have  been  measured  before  (Wang  and  Lee  1987). 
The  dominant  negative  ions  responsible  for  photo¬ 
detachment  in  these  two  discharge  media  were  taken 
to  be  CL,  for  which  the  photodetachment  cross  sec¬ 
tions  are  also  listed  in  table  I  for  comparison.  The 
photodetachment  cross  sections  of  Cl  measured  from 
these  two  discharge  media  are  the  same  as  those 
measured  with  HCI  and  CL  in  N:. 


3.4.  Cl2  3.5.  HBr 

Similar  to  F:,  electron  attachment  to  CL  is  a  dis-  Electron  attachment  to  HBr  will  produce  Br  (A H  = 

sociative  attachment  process;  thus.  Cl  should  be  the  0.39eV)  or  H  ( All  -  2.95  eV).  where  the  de  of 
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3.75  eV  for  HBr  (Okabe  1978)  and  the  ea  of  3.36  eV 
for  Br  (Christodoulides  et  al  1984)  give  AH.  The  elec¬ 
tron  attachment  cross  section  of  HBr  shows  that  Br 
is  produced  at  an  energy  below  approximately  2  eV 
(Abouaf  and  Teillet-Biily  1980)  and  H  is  produced  in 
the  5-1 1  eV  range  (LeCoat  et  al  1982).  H  is  again 
less  likely  to  be  produced  in  the  N2  discharge  medium 
because  of  its  high  energy  threshold.  The  photo¬ 
detachment  cross  section  measured  in  the  discharge 
medium  of  HBr-N:  thus  presumably  associates  with 
Br  .  Our  value  at  248nm  is  close  to  the  measurement 
of  Mandl  (1976)  as  listed  in  table  1.  At  193  nm.  no 
experimental  data  are  available.  Our  data  are  again 
consistent  with  the  theoretical  calculation  as  listed  in 
table  1 . 

3.6.  CH,Br 

The  photodetachment  cross  sections  of  negative  ions 
in  the  CH,Br-N:  discharge  medium  were  measured  to 
be  3.5  x  H)  17  and  1.5  x  1(T 17  cm2  at  193  and  248  nm, 
respectively.  The  electron  attachment  process  in 
CH,Br  is 

CH,Br  +  e  — *  Br  +CH,  AH  -  -0.39  eV  (4) 

where  AH  is  the  difference  between  the  de  of  2.97  eV 
for  CH,-Br  (Okabe  1978)  and  the  ea  of  3.36 eV  for 
Br  (Christodoulides  et  al  1984).  Since  the  ea  of  CH2 
is  =  0eV.  CHj  may  not  be  stable,  and  it  is  thus 
unlikely  .to  be  produced  in  the  CH,Br-N2  discharge 
medium.  Therefore,  the  measured  photodetachment 
cross  sections  are  attributed  to  Br  . 

3.7.  CH,I 

I  is  presumably  the  dominant  negative  ion  in  the  dis¬ 
charge  medium  of  CH,1-N2.  The  determined  photo¬ 
detachment  cross  section  in  the  discharge  medium  of 
CHd-N:  is  attributed  to  I  .  The  photodetachment 
cross  sections  of  I  at  wavelengths  shorter  than  300  nm 
have  not  been  reported  before.  Our  values  are  con¬ 
sistent  with  the  theoretical  calculations  as  listed  in  table 
1. 

3.8.  CH,I2 

The  photodetachment  cross  sections  of  negative  ions 
in  the  discharge  medium  of  CH2I2-N2  were  determined 
at  193  nm.  Since  the  electron  attachment  rate  constant 
of  CH;1 2  is  very  small  (DeCorpo  et  al  1971),  the  con¬ 
centrations  of  negative  ions  in  the  discharge  medium  of 
CH:I:-N:  are  quite  low.  The  current  of  photodetached 
electrons  observed  at  193  nm  was  so  small  that  the 
experimental  uncertainty  was  high.  At  248  nm,  the  sig¬ 
nal  was  even  smaller. 

I  is  presumably  the  dominant  negative  ion  pro¬ 
duced  from  electron-impact  excitation  of  CH2I2  at  low 
electron  energy.  The  value  of  6.5  x  10  17  cm2 
measured  at  193  nm  is  consistent  with  the  value 
measured  with  CH,I. 


4.  Conclusion 

The  transient  current  increases  due  to  photo¬ 
detachment  of  negative  ions  in  the  discharge  media  of 
halogen  compounds  in  N:  were  investigated  using  ArF 
or  KrF  laser  photons.  The  major  negative  ions  in  the 
various  discharge  media  are  attributed  to  atomic  hal¬ 
ogen  ions.  Our  data  seem  generally  to  agree  with  the 
existing  experimental  data  and  theoretical  calculations. 
The  agreement  seems  to  indicate  that  the  effect  of  the 
electric  field  on  the  determination  of  the  photo¬ 
detachment  cross  sections  is  not  large.  The  knowledge 
of  photodetachment  cross  sections  is  useful  for  meas¬ 
uring  the  concentrations  of  negative  ions  and  for  the 
modelling  of  diffuse  discharge  switches. 
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Electron  attachment  rate  constants  of  HBr,  CH3Br,  and  C2H5Br  in  N2  and  Ar 

W.  C.  Wang  and  L.  C.  Lee 

Department  of  Electrical  and  Computer  Engineering,  San  Diego  State  University,  San  Diego, 

California  92182 
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The  electron  attachment  rate  constants  of  bromine  compounds  in  the  buffer  gases  of  N2  and  Ar 
(  ~250  Torr)  were  measured  as  a  function  of  E /N  (or  mean  electron  energy).  The  measured 
electron  attachment  rate  constants  of  HBr,  CH3Br,  and  C2H5Br  show  maximum  values  of 

1.05X  10~9,  1.08X  10-n,  and  9.3x  10” 11  cm3/s  at  mean  electron  energies  of  0.55,  0.4,  and  0.8 
eV,  respectively.  The  electron  drift  velocities  for  the  gas  mixtures  of  CH,Br  in  N,  and  Ar  were 
also  measured. 


I.  INTRODUCTION 

The  published  electron  attachment  rate  constants  of 
HBr  and  CH,Br  exhibit  a  large  discrepancy.  For  example, 
the  electron  attachment  rate  constant  of  CH3Br  at  thermal 
energy  measured  by  Christodoulides  and  Christophorou'  is 
about  three  orders  of  magnitude  higher  than  the  values  given 
by  Bansal  and  Fessenden,2  Wentworth,  George,  and  Keith,3 
Mothes,  Schultes,  and  Schindler,4  and  Alge,  Adams,  and 
Smith.3  Another  example,  the  electron  attachment  rate  con¬ 
stant  of  HBr  measured  by  Christophorou,  Compton,  and 
Dickson*  increases  with  decreasing  mean  electron  energy, 
indicating  that  a  maximum  occurs  at  thermal  energy.  This  is 
different  from  the  result  of  Trainor  and  Boness7  that  the 
attachment  rate  constant  has  a  maximum  at  about  0.6  eV. 
The  absolute  value  reported  by  Christophorou  and  co- 
workers*  is  also  quite  different  from  that  of  Mothes  and  co¬ 
workers  and  Trainor  and  Boness.7  Measurements  of  these 
electron  attachment  rate  constants  are  of  interest  for  eluci¬ 
dating  these  discrepancies. 

The  electron  attachment  rate  constants  of  bromine  com¬ 
pounds  are  also  needed  for  many  practical  applications.  Cur¬ 
rent  switching  due  to  laser  irradiation  of  the  discharge  media 
containing  halogen  compounds  has  been  recently  observed 
in  our  laboratory.’'  The  current  switching  can  be  used  for  the 
development  of  gaseous  discharge  switches.  Electron  attach¬ 
ment  rate  constants  over  a  wide  range  of  electron  energy  are 
needed  for  such  development.  Also,  bromine  compounds  are 
often  used  in  plasma  etching  of  electronic  materials.  The 
electron  attachment  data  are  needed  for  modeling  of  the 
etching  process. 

The  electron  attachment  rate  constants  were  measured 
by  a  parallel-plate  drift-tube  electron-swarm  technique, 
which  has  been  applied  to  measure  the  electron  attachment 
rate  constants  of  many  molecules.9  In  this  paper,  we  report 
the  measurements  of  HBr,  CHjBr,  and  C2H<;Br  in  N2  and  Ar 
at  various  E  /N.  The  published  attachment  rate  constants  of 
C  ,H;Br  are  less  controversial  than  those  of  HBr  and  CH,Br. 
A  comparison  between  current  measurements  and  pub¬ 
lished  data  is  included  in  this  paper.  The  electron  drift  veloc¬ 
ities  for  the  gas  mixtures  of  CH3Br  in  N2  and  Ar  were  also 
measured  at  various  E  /N.  The  electron  drift  velocity  of  a  gas 
mixture  is  usually  different  from  that  of  a  pure  buffer  gas. 


II.  EXPERIMENT 

The  experimental  setup  has  been  described  in  previous 
papers.9  In  brief,  the  gas  cell  was  a  six-way,  black  anodized 
aluminum  cross  of  6-in.  o.d.The  electrodes  were  two  parallel 
uncoated  stainless-steel  plates  of  5  cm  in  diameter  and  2.5 
cm  apart.  The  electron  swarm  was  produced  by  irradiation 
of  the  cathode  with  a  KrF  (  Lumomcs  86 1 S )  laser  beam  at  a 
wavelength  of  248  nm  (  5.0eV  ).  The  laser  pulse  duration  was 
about  10  ns  with  a  beam  size  reduced  to  3  mm  in  diameter  by 
a  diaphragm. 

A  negative  high  voltage  was  applied  to  the  cathode  to 
maintain  an  electric  field  between  the  electrodes.  The  con¬ 
duction  current  induced  by  the  electron  motion  between  the 
electrodes  was  measured  by  a  transient  v  oltage  pulse  across  a 
resistor  (  1000  12)  connecting  the  anode  to  ground.  Each 
transient  waveform  was  monitored  by  a  150-VlHz  digital 
storage  oscilloscope  (Tektronix  2430).  The  averaged  wave¬ 
form  was  stored  in  a  microcomputer,  and  subsequently  ana¬ 
lyzed.  All  measurements  were  performed  at  room  tempera¬ 
ture. 

Diluted  mixtures  of  HBr  (2%-10%)  and  C:H<Br 
(  <3.5%)  in  N;  or  Ar  were  premixed  before  being  intro¬ 
duced  into  the  gas  cell.  The  gas  mixture  in  the  gas  cell  was 
slowly  pumped.  The  purities  of  N;  and  Ar  (MG  Scientific) 
were  better  than  99.999%  and  99.998%;  and  the  purities  of 
CH3Br  and  HBr  (Matheson)  were  99.5%  and  99.8%.  re¬ 
spectively.  These  gases  were  used  as  delivered.  The  C;H,Br 
liquid  ( Alfa  Products,  better  than  98%  purity )  was  kept  in  a 
Teflon  bottle  inside  a  stainless-steel  container,  which  was 
continuously  pumped  for  1  h  at  the  dry  ice  temperature  be¬ 
fore  it  was  premixed  with  N;  or  Ar. 

III.  RESULTS  AND  DISCUSSION 
A.  CHjBr 

The  waveforms  of  transient  voltage  pulses  observed  in 
the  CH(Br-N:  mixture  at  £Y.V  =  7  8  Td  (1  Td  =  10  17 
V  cm*’)  are  shown  in  Fig.  1.  where  the  partial  pressures  of 
CH,Br  were  (a)  Oand  ( b)  2. 1  Torr  in  a  total  pressure  of  255 
Torr.  Each  waveform  is  the  average  of  about  90  transient 
pulses.  The  voltage  shown  in  Fig.  1(a)  decreases  slightly 
after  the  first  peak  which  is  probably  caused  by  the  loss  of 
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FIG.  I.  The  waveforms  of  transient  voltage  pulses  produced  from  electron 
motion  in  255  Torr  of  N,  with  CH,Br  (a)  0  and  (b)  2.1  Torr.  Electrons 
were  produced  from  irradiation  of  the  cathode  by  KrF  laser  photons.  The 
E /.Y'was  fixed  at  7.8  Td,  the  electrode  spacing  was  2.5  cm,  and  the  external 
resistor  was  1000  fl. 

electrons  due  to  back  diffusion  to  the  cathode.10  After  the 
peak,  the  voltage  remains  fairly  constant  until  the  electrons 
arrive  at  the  anode.  The  voltage  shows  a  slight  increase  be¬ 
fore  it  drops.  This  increase  is  likely  due  to  the  increase  of 
electron  drift  velocity  caused  by  the  anode,  similar  to  the 
effect  that  electron  energy  distribution  is  distorted  in  the 
vicinity  of  anode. 1 1  This  increase  serves  as  an  indication  that 
electrons  arrive  at  the  absorbing  electrode. 

The  value  of  R  used  in  this  experiments  was  chosen  to  be 
as  large  as  possible  in  order  to  improve  the  signal-to-noise 
ratio.  However,  the  peak  of  the  waveform  due  to  back  diffu- 
sion  is  broadened  when  R  is  large,  as  can  be  seen  from  Fig.  1 , 
which  could  be  taken  as  an  indication  that  the  rest  of  the 
waveform  was  also  modified.  We  have  performed  measure¬ 
ments  of  the  attachment  rates  for  several  vale  >  of  R  and 
selected  the  largest  value  for  which  no  changes  of  the  attach¬ 
ment  rate  were  observed  under  condition  ;  of  the  largest  dif¬ 
ference  in  shape  between  the  waveforms  with  and  without 
the  attaching  gas. 

The  electron  drift  time  T  is  measured  from  the  laser 
pulse  to  where  V(t)  starts  to  drop  as  shown  in  Fig.  l.The  T 
value  included  the  uncertainty  caused  by  electron  diffusion 
as  well  as  the  electrical  noise  of  the  laser  discharge.  The  elec¬ 
tron  drift  velocity  is  determined  by  d /T,  where  d  is  the  sepa¬ 
ration  between  electrodes.  The  electron  drift  velocities  for 
the  gas  mixtures  of  CH,Br-N2  and  CH,Br-Ar  were  mea¬ 
sured  as  a  function  of  E/N  at  different  CH,Br  partial  pres¬ 
sures  as  shown  in  Figs.  2  and  3,  respectively.  The  uncertainty 
for  the  measured  electron  drift  velocity  is  estimated  to  be 
about  ±  1 0%  of  the  given  value.  For  pure  N2,  our  data  agree 
with  Lowke’s  values12  within  the  experimental  uncertainty. 
For  pure  Ar,  our  data  agree  with  the  values  of  Levine  and 
Unian,"  and  Nielsen14  within  the  experimental  uncertainty, 
but  they  are  about  15%  lower  than  that  of  Herreng. 15 

When  CHjBr  was  added  to  the  gas  cell,  the  electron 
drift  velocity  increases  as  shown  in  Figs.  2  and  3.  The  in¬ 
crease  of  electron  drift  velocity  in  N2  is  not  significant,  but 
the  increase  in  Ar  is  dramatic.  The  electron  drift  velocity 
increases  with  the  partial  pressure  of  CH  ,Br.  The  measure¬ 
ments  for  the  CHjBr-Ar  mixture  were  stopped  at  the  E/N 
where  the  ionization  started  to  occur.  At  high  partial  pres¬ 
sure  of  CHjBr  in  Ar,  the  electron  drift  velocity  shows  a  peak 
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FIG.  2.  The  electron  drift  velocities  in  the  CH,Br-N.  mixtures  as  a  function 
of  E/.V.  The  ratios  of  (CH,Br|/(N,  j  are  (a)  0%.  (bi  0.3 5%,  and  (c) 
0.52%. 


at  low  E /N in  Fig.  3(d),  which  is  similar  to  that  of  CH4.'J  I6 
The  negative  differential  conductivity  (decreasing  electron 
dr  r  .icily  with  increasing  electric  field  strength)  has  been 
observed  in  many  gases.  Petrovic.  Crompton,  and  Haddad1 
have  recently  explained  this  phenomena  by  the  combination 
effect  of  elastic  and  inelastic  cross  sections  and  the  threshold 
energy  of  the  inelastic  process. Is 

When  CH  ,Br  was  added,  the  pulse  amplitude  decreased 
as  shown  in  Fig.  1  (b).  This  decrease  is  caused  by  the  electron 
attachment  to  the  electronegative  gas.  which  can  be  used  to 
determine  the  electron  attachment  rate.4  The  transient  vol- 


FIG  3  The  electron  drift  velocities  in  the  CM  ,Br-Ar  mixture  as  a  function 
of  E/.V.  The  ratios  of  |CH  ,Br  ]/  [  Ar  |  are  (al  0%,  (b)  0  16^  ,  (cl  0  4lr; , 
and  Id)  0  81%. 
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tage  induced  by  electron  motion  as  shown  in  Fig.  1(a)  can  be 
represented  by  910 

V(t)  =/(/)Re  WNJd,  (1) 

where  ,V.  is  the  number  of  electrons  between  the  electrodes, 
W  is  the  electron  drift  velocity,  d  is  the  electrode  spacing.  R 
is  the  resistor  connecting  the  anode  to  ground. /(/)  is  the 
response  function  of  the  detection  system,  and  i  is  the  elec¬ 
tron  drift  time.  When  CH  ,Br  is  added,  the  transient  voltage 
becomes 

V'(t)  —J\t)  Re  W".V'exp(  —  vut)/d.  (2) 

where  v,  is  the  electron  attachment  rate  (frequency )  of  the 
mixture  containing  CH.Br.  The  electron  attachment  rate  at 
a  fixed  CH,Br  concentration  can  be  obtained  from  the  slope 
of  In  [!''(/)/  V{i )  j  vs  /. 

In  (  V'U)/VU)\  ■-=  ItU.V.'IF'/.V  W)  -  vj  .  (3) 

where  the  In  (  V'/  V)  value  is  either  negative  or  positive,  de¬ 
pending  on  the  constant  of 

InOV '  W' /Ne  MO  — ln(  IV'/fV)  . 

For  the  case  that  electron  drift  velocity  is  not  signifi¬ 
cantly  affected  by  the  gas  added  (see  Fig.  1 ),  the  plot  of  In 
l  V'(t)/V(t)  ]  vsrisastraightline  as  shown  in  Fig. 4(a).  For 
the  case  of  CH.Br-Ar  (and  CH3Br-N,  at  low  E/N),  the 
electron  drift  velocity  becomes  much  faster  when  CH,Br  is 
added  (see  Figs.  2  and  3),  and  the  plot  of  In  [  V'(t)/V(t)  ]  vs 
t  deviates  from  the  straight  line  when  t  is  close  to  T\  the 
electron  drift  time  for  the  gas  mixture.  This  deviation  is  the 
result  of  the  fact  that  under  those  circumstances  comparison 
in  Eq.  ( 3)  is  made  between  the  points  of  the  waveforms  that 
correspond  to  different  positions  of  the  swarms  between  the 
electrodes,  and  consequently  the  deviation  from  the  straight 
line  is  the  result  of  comparison  between  the  points  corre¬ 
sponding  to  the  second  peak  on  one  waveform  with  a  point 
that  is  not  on  the  peak.  This  effect  can  be  corrected  by  com¬ 
paring  F'and  Fat  a  same  position,  namely,  comparing  V(() 
with  V(tT /T‘).  With  this  correction,  the  plot  of  In  [  V'(t)/ 
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Tim*  (  VS  ) 

FIG.  4.  The  ratios  of  the  transient  voltages  measured  with  and  without 
CH,Br  in  buffer  gas  as  a  function  of  the  elapsed  time  after  laser  pulse,  (a) 
The  ratio  of  the  two  waveforms  in  Fig.  1  where  the  electron  drift  times  for 
both  pulses  are  almost  the  same;  (b)  the  ratio  of  V'U)  (with  1  Torr  of 
CH,Br  in  Ar)  to  V(tT/T')  (pure  Ar),  with  E/S  =  0.342  Td  and  7V 
T'~  3.9,  where  T  and  7”  are  the  electron  drift  times  without  and  with 
CH,Br  added  to  Ar. 


V(tT /T')]  is  linear  with  t  even  at  t  —  T'  as  shown  in  Fig. 
4(b). 

The  measured  electron  attachment  rate  increases  ap¬ 
proximately  linearly  with  an  increased  partial  pressure  of 
CH3Br,  but  it  is  independent  on  the  buffer  gas  pressure.  This 
result  indicates  that  the  electron  attachment  is  a  two-body 
dissociative  process  so  that  the  attachment  rate  constant  can 
be  determined  by  the  ratio  of  vu  /  [  CH3Br ) .  Departures  from 
linearity  were  both  positive  and  negative,  and  they  were 
caused  by  the  influence  of  a  small  amount  of  molecular  gas 
on  the  electron  energy  distribution  in  buffer  gases.  ( CH3Br  is 
a  polar  molecule  and  therefore  its  cross  sections  are  signifi¬ 
cantly  larger  than  the  corresponding  cross  sections  for  nitro¬ 
gen.)  To  check  this  effect,  the  v„/[CH,Br)  values  were 
measured  as  a  function  of  [CH,Br]/[Ar]  and  [CH,Br]/ 
[N,]  as  shown  in  Fig.  5.  For  CH,Br-Ar  [Fig.  5(a)],  va/ 
[CH3Br]  increases  largely  with  increasing  [CH,Br]/[  Ar], 
indicating  that  the  electron  energy  distribution  is  significant¬ 
ly  affected  by  the  addition  of  CH3Br.  This  concurs  with  the 
observation  that  the  electron  drift  velocity  in  Ar  changes 
dramatically  when  CH,Br  is  added  as  shown  in  Fig.  3.  For 
CH,Br-N;  [Figs.  5 ( b )— 5 ( f )  ] .  v„/[CH,Brl  decreases  with 
increasing  [CH,Br]/[N;]  at  a  mean  electron  energy  lower 
than  0.4  eV.  but  it  increases  at  higher  mean  electron  energy. 
The  mean  electron  energies  were  adopted  from  the  calcula¬ 
tion  of  Hunter  and  Christophorou. 19  The  change  of  t ■„/ 
[CH,Br]  could  be  used  as  an  indicator  for  the  shift  of  elec¬ 
tron  energy  distribution  (to  be  discussed  later). 

The  electron  attachment  rate  constants  ka  determined 
from  the  extrapolated  values  of  va/[CH,Br]  at 
[CH3Br]  —  Oin  N2  are  shown  in  Fig.  6(a)  for  E/N  from  0.5 
to  10  Td.  The  ka  values  are  replotted  in  Fig.  6(b)  as  a  func¬ 
tion  of  mean  electron  energy.  For  the  CH,Br-Ar  mixture, 
the  va/[CH3Br]  value  at  [CH3Br]/[Ar]  —0  is  very  small; 
thus,  the  ka  value  cannot  be  determined  with  certainty  at 
high  E /N.  The  attachment  rate  constant  obtained  for  the 
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FIG.  5  The  v„/|CH,Br|  values 
as  a  function  of  |CH,Br|/(Ar| 
(a)  and  (CH,Br]/(N.|  ib)-(f) 
at  various  mean  electron  ener¬ 
gies. 
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Mean  Electron  Energy  (eV) 


FIG.  6.  ( a )  Electron  attachment  rate  constant  as  a  function  of  E/N  for 
CH,BrinN2.  The  total  pressure  of  N,  was  ~255Torr.  (b)  Electron  attach¬ 
ment  rate  constant  as  a  function  of  mean  electron  energy  for  CH,Br  in  N, 
( c )  and  in  A  r  ( d ) .  ( e )  The  thermal  energy  data  given  by  Bansal  and  Fessen¬ 
den  ( Ref.  2)  and  Petrovic  and  Crompton  ( Ref.  20),  (0  Wentworth  and  co¬ 
workers  (Ref.  3),  (g)  Mothes  and  co-workers  (Ref.  4),  and  (h)  Alge  and 
co-workers  (Ref.  5)  are  also  shown  for  comparison. 


CH,Br-Ar  mixture  at  E/N  =  0.179  Td  ((e)  ~  1.04  eV)  is 
shown  in  Fig.  6(b),  which  matches  well  with  the  data  of  N:. 
This  match  has  been  observed  in  many  gases.9 

The  electron  attachment  rate  constants  of  CH,Br  at 
thermal  energy  measured  by  various  investigators2'5'20  are 
also  shown  in  Fig.  6(b)  for  comparison.  The  recent  result  of 
Petrovic  and  Crompton20  agrees  with  the  value  of  Bansal 
and  Fessenden.2  Our  result  is  consistent  with  these  thermal 
energy  data  within  experimental  uncertainties.  The  current 
result  that  ka  has  a  maximum  value  around  0.4  eV  is  consis¬ 
tent  with  the  electron  attachment  cross  section  of  CH3Br 
which  shows  a  maximum  at  0.35  eV. 2 1  In  contrast,  our  result 
is  quite  different  from  the  data  of  Christodoulides  and  Chris- 
tophorou'  in  which  the  electron  attachment  rate  constants 
increase  with  decreasing  mean  electron  energy  with  a  value 
as  high  as  7x  10~9  cm  Vs  at  thermal  energy.  Their  values' 
are  larger  than  the  current  data  by  three  orders  of  magni¬ 
tude. 

The  electron  attachment  is  likely  due  to  the  two-body 
dissociative  process, 

CH,Br  +  e-CH,  +  Br"  (4) 

The  thermochemical  threshold  for  this  process  is  -  0.30  eV 
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as  calculated  from  the  electron  affinity  of  Br  ( 3. 36  eV ) 22  and 
the  heats  of  formation  of  —0.39,  1.51,  and  1.16  eV  for 
CHjBr,23  CH3,24  and  Br,24  respectively.  The  small  electron 
attachment  rate  constant  at  thermal  energy  indicates  that 
this  process  has  a  high  potential  barrier.  Wentworth  and  co¬ 
workers3  determined  the  potential  barrier  from  the  differ¬ 
ence  between  the  repulsive  potential  curve  for  process  (4) 
and  the  zero-point  energy  of  CH3Br  to  be  0.25  eV.  Petrovic 
and  Crompton20  determined  the  activation  energy  from  the 
Arrhenius  plot  of  ka  vs  \/T  to  be  0.260  eV,  which  agrees 
with  the  result  of  Alge  and  co-workers5  of  0.30  eV.  The  cur¬ 
rent  data  that  the  electron  attachment  rate  constant  has  a 
maximum  at  0.4  eV  are  consistent  with  these  early  results. 
The  uncertainty  for  the  heat  of  formation  of  CH3Br  is  quite 
high,  for  example,  the  value  is  listed  as  —  0.20  eV.25  This 
uncertainty  may  make  the  calculated  threshold  energy  ap¬ 
pear  low. 

As  shown  in  Fig.  5(a),  vu/[CH3Br]  increases  with  in¬ 
creasing  [CHjBr]/[Ar],  This  result  indicates  that  the  mean 
electron  energy  shifts  to  a  low  value  as  the  partial  pressure  of 
CH3Br  increases,  because  at  0.9  eV  the  ka  value  increases 
with  decreasing  mean  electron  energy  [see  Fig.  6(b)  ].  The 
results  for  the  CH3Br-N2  mixture  also  suggest  that  the  mean 
electron  energy  shifts  to  a  low  value  when  CH3Br  is  added. 
This  is  because  v0/[CH3Br]  increases  with  increasing 
[CH3Br]/[N2]  when  the  mean  electron  energy  is  higher 
than  0.4  eV  [see  Figs.  5(b)  and  5(c)  ],  and  vice  versa  when 
the  mean  electron  energy  is  lower  than  0.4  eV  [  see  Figs.  5  ( e ) 
and  5(f)  ].  At  the  mean  electron  energy  of  0.43  eV,  the  at¬ 
tachment  rate  constant  has  a  broad  peak  such  that  it  is  not 
sensitive  to  the  addition  ofCH3Br  as  shown  in  Fig.  5(d).  va/ 
[CH3Br]  in  N2  does  not  change  as  much  as  that  of  Ar,  indi¬ 
cating  that  the  mean  electron  energy  is  not  significantly  af¬ 
fected  by  the  added  CH3Br.  This  is  consistent  with  the  small 
change  of  electron  drift  velocity  w  nen  CH3Br  ri  added  to  N2. 

B.  HBr 

Since  the  attachment  rate  constant  of  HBr  is  much  larg¬ 
er  than  that  of  the  other  two  gases  studied,  a  smaller  amount 
of  HBr  was  used  and  consequently  the  effect  on  the  drift 
velocity  was  insignificant.  The  electron  attachment  rate  con¬ 
stants  of  HBr  in  N,  and  Ar  buffer  gases  w?hr  measured  as  a 
function  of  E/N.  The  electron  attachment  rate  increases 
with  the  HBr  partial  pressure,  but  it  is  independent  on  the 
buffer  gas  pressure;  thus,  the  attachment  is  a  two-body  disso¬ 
ciative  process.  Similar  to  the  case  of  CH,Br.  r„/[HBr]  var¬ 
ies  with  [  HBr],  but  the  effects  are  much  smaller  as  can  be 
predicted  from  the  fact  that  the  drift  velocity  is  not  seriously 
affected.  The  attachment  rate  constant  of  HBr  was  deter¬ 
mined  by  extrapolation  of  »■_,/[ HBr [  at  [HBr|— 0,  tor 
which  the  electron  energy  distribution  is  associated  with 
pure  N-  ( or  Ar  >.  The  measured  k ,  values  are  show  n  in  Fig. 
7(a)  as  a  function  ol’E/.Vandin  Fig.  7(b)  as  a  function  of 
mean  electron  energv  The  electron  attachment  rate  con¬ 
stant  has  a  maximum  of  1.06  >:  10  9  em’/s  at  0.55  eV. 

The  current  results  agree  reasonably  well  with  the  data 
of  Trainor  and  Boness7  and  Mothes,  Schultes,  and 
Schindler4,  which  are  also  shown  in  Fig.  7(b)  for  compari¬ 
son.  However,  the  current  results  are  significantly  lower 
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FIG.  7.  (a)  Electron  attachment  rale  constanl  as  a  function  of  E/N  forHBr 
in  N2  and  Ar,  where  the  total  pressure  was  ~'250Torr.  (b)  Electron  attach¬ 
ment  rate  constant  as  a  function  of  mean  electron  energy  for  HBr  in  (c)  N2 
and  (d)  in  Ar.  (e)  The  data  reported  by  Trainor  and  Boness  (Ref.  7)  and 
(0  Mothes  and  co-workers  (Ref.  4)  are  plotted  for  comparison. 

than  the  data  of  Christophorou  and  co-workers6;  for  exam¬ 
ple,  a  value  of  l.Ox  10~s  cmVs  was  reported  at  0.2  eV, 
which  is  about  two  orders  of  magnitude  higher  than  the  cur¬ 
rent  value.  The  electron  attachment  cross  section  of  HBr 
measured  with  electron  beam  technique  by  Zicsel,  Nenner, 
and  Schulz26  and  Abouaf  and  Teillet-Billy27  shows  a  maxi¬ 
mum  at  0.4  eV.  Our  result  concurs  with  these  data. 

The  electron  attachment  is  caused  by  the  two-body  dis¬ 
sociative  process, 

HBr  +  e  — H  +  Br  .  (5) 

The  thermochemie-.il  threshold  for  this  process  is  0.39  eV, 
which  is  the  difference  between  the  electron  affinity  of 
Br(  Ref  221  and  the  dissociation  energy  of  HBr  (3  75  eV).2' 
Other  dissociative  processes  may  not  contribute  significant¬ 
ly  to  the  observed  attachment,  because  they  require  much 
higher  electron  energy.  For  example,  the  thermochemical 
threshold  for  the  dissociative  electron  attachment  process, 

HBr  +  e  —  H  4-  Br  (6) 

is  2.98  eV,  where  the  electron  affintiy  of  H  used  in  the  calcu¬ 
lation  is  0.77  eV.22 

Because  the  electron  attachment  process  of  HBr  re¬ 
quires  substantial  electron  energy,  the  attachment  rate  con¬ 
stant  at  thermal  energy  is  expected  to  be  small.  The  value  of 
9.6x  10“ "  em'/s  given  by  Mothes  and  co-workers4  is  on 


line  with  this  expectation.  On  the  other  hand,  the  result  of 
Christophorou  and  co-workers6  is  not  consistent  with  this 
expectation. 

C.  C*HsBr 

For  C2H5Br,  the  electron  drift  velocity  in  N,  (or  Ar) 
did  not  change  significantly  when  a  small  amount  of  C2H5Br 
was  added.  The  electron  attachment  rate  constants  of 
C2H5Br  in  N2  and  Ar  buffer  gases  were  measured  at  various 
E/N.  The  electron  attachment  is  a  two-body  dissociative 
process.  In  contrast  to  the  cases  of  CH,Br  and  HBr,  va/ 
[C2H5Br]  does  not  vary  significantly  with  [C2H5Br).  The 
ka  values  determined  by  v„/[C2H5Br]  at  [C2H5Br]  —  Oare 
plotted  in  Fig.  8  ( a )  as  a  function  of  E  /N and  in  Fig.  8  ( b )  as  a 
function  of  mean  electron  energy.  The  data  measured  by 
Christodoulides  and  Christophorou1  at  a  total  gas  pressure 
of  400  Torr  and  the  data  at  thermal  energy  measured  by 
Bansal  and  Fessenden2  are  also  shown  in  Fig.  8(b)  for  com¬ 
parison.  The  current  results  are  consistent  with  these  earlier 
measurements.1,2 

The  electron  attachment  is  likely  due  to  the  two-body 
dissociative  process, 

C2H5Br  -4  e-*C2H5  4-  Br  (7) 

The  thermochemical  threshold  is  —  0.41  eV  as  calculated 
from  the  heats  of  formation24  of  —0.64  and  1.15  eV  for 
C:HsBrandC,Hv  Similar  to  thecaseofCHxBr,  this  process 
may  also  have  a  high  potential  barrier  such  that  the  electron 
attachment  rate  constant  at  thermal  energy  is  small.  The 
potential  barrier  could  be  estimated  from  the  current  data  to 
be  smaller  than  0.8  eV. 


r 
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FIG.  8  (a)  Electron  attachment  rate  constant  as  a  function  of  E/S  for 
C,H,Br  in  N,  and  Ar.  where  the  total  pressure  was  -  250  Torr.  (b)  Elec¬ 
tron  attachment  rate  constant  as  a  function  of  mean  electron  energy  for 
C.H.Br  in  (c)  N,  and  in  (d)  Ar.  The  data  from  (e)  Ref  1,  and  from  (0 
Ref.  2  are  plotted  for  comparison. 
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IV.  CONCLUSION 


The  electron  attachment  rate  constants  of  HBr,  CH3Br, 
and  C2H5Br  in  N2  and  Ar  were  measured  at  various  E /N  (or 
mean  electron  energy ) .  The  method  for  measuring  the  elec¬ 
tron  attachment  rate  constant  of  a  gas  mixture  that  has  an 
electron  drift  velocity  significantly  different  from  that  of  the 
buffer  gas  is  described.  AH  studied  molecules  show  small 
attachment  rate  constants  at  thermal  energy,  maximum  val¬ 
ues  at  energy  less  than  1  eV,  and  small  values  at  higher  ener¬ 
gy.  The  electron  attachment  is  a  two-body  dissociative  pro¬ 
cess  that  leads  to  the  production  of  Br~ .  The  current  results 
are  reasonably  consistent  with  the  published  data,  except  for 
the  data  ofCHjBr  reported  in  Ref.  1  and  that  of  HBr  report¬ 
ed  in  Ref.  6.  The  electron  drift  velocities  of  the  gas  mixtures 
were  also  investigated,  and  the  results  for  the  CH  ,Br-N:  and 
Ar  mixtures  are  reported  in  this  paper. 
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The  electron-attachment  rate  constants  of  HCI  diluted  in  Ar  and  N;  were  measured  as  a 
function  of  the  reduced  electric  field  E/N.  These  data  were  converted  to  the  electron- 
attachment  cross  section  of  HCI  using  the  electron-energy  distribution  functions  of  pure  Ar 
and  N;.  The  dependence  of  the  electron-attachment  rate  constant  and  the  mean  electron 
energy  on  the  fraction  of  HCI  in  each  buffer  gas  was  investigated.  A  comparison  of  the  current 
result  with  both  available  experimental  data  and  theoretical  calculations  is  made. 


I.  INTRODUCTION 

dissociative  attachment  of  chlorine-containing  mole¬ 
cules  in  gas  discharges  is  frequently  used  for  many  applica¬ 
tions.  This  is  especially  true  for  excimer  (XeCl)  lasers,'-2 
plasma  etching, 14  and  possibly  optically  controlled  diffuse 
discharge  switches.' h  Electron-attachment  data  are  needed 
for  these  applications. 

In  this  paper  we  present  our  experimental  data  for  the 
electron-attachment  coefficients  of  HCI  in  dilute  HCl-Ar 
and  HC1-N,  mixtures.  These  data  are  then  converted  to  the 
absolute  values  of  the  low-energy-electron-attachment  cross 
section.  Electron-attachment  data  of  chlorine-containing 
molecules' s  are  not  well  measured  and  the  available  data  are 
in  serious  disagreement. 

HCI  was  experimentally  studied  several  times  by  both 
swarm  and  beam  methods.  Earlier  publications  of  the  HCI 
data,  which  include  the  work  of  Buchel’nikova'1  and  Christo- 
phorou,  Compton,  and  Dickson,1"  were  reviewed  by  Chris- 
tophorou."  who  measured  the  electron-attachment  rate 
constants  of  hydrogen  halides  and  their  deuterated  com¬ 
pounds  using  N,  as  the  buffer  gas.  However,  their  measure¬ 
ments  covered  only  relatively  low  values  of  E/S.  Towards 
the  zero  value  of  E /.V  they  observed  an  unusual  increase  of 
attachmc.it.  No  satisfactory  explanation  for  this  effect  has 
been  given.' 

Recently,  attachment  coefficients  for  nonthermal  elec¬ 
trons  were  measured  by  Kligler.  Rozenberg,  and  Rokni12 
and  Sze,  Greene,  and  Brau1 '  in  HCl-Ar,  HC1-N-,,  and  HCI- 
Ar-H,  mixtures  as  well  as  in  pure  HCI  by  Davies.14  Thermal 
attachment  rate  constants  were  also  measured.1'  These 
data  are  consistent  with  the  results  measured  by  swarm  and 
beam  techniques  but  are  3  orders  of  magnitude  lower  than 
the  results  inferred  from  the  associative  detachment 
data.1'171" 

Dissociative  attachment  cross  sections  were  measured 
by  beam  techniques  producing  both  relative and  abso¬ 
lute"’ 21  values.  The  general  shapes  of  the  electron  excitation 
spectra  are  in  good  agreement,  but  there  is  significant  scatter 
of  the  absolute  values.  Theoretical  calculations  of  the  cross 
sections  agree  with  the  swarm  and  beam  data  in  shapes,  but 
the  absolute  values2  2  2  *  are  different  by  a  factor  of  up  to  3. 


"  Pcrmanem  address:  (nsinule  of  Physics.  University  of  Belgrade.  P  O. 
Box  57,  1 1001  Belgrade.  Yugoslavia 
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The  large  data  scatter  of  both  attachment  rate  coeffi¬ 
cients  and  cross  sections  can  only  be  resolved  by  new  mea¬ 
surements  with  alternative  techniques.  The  previous  data 
measured  by  swarm  methods  at  varied  E /.V  are  not  consis¬ 
tent  with  the  shape  of  the  cross  sections  obtained  by  beam 
methods.  The  results  presented  in  this  paper  are  consistent 
with  the  beam  data,  which  can  be  used  for  their  absolute 
calibration.  Determination  of  the  cross  section  from  our  data 
is  based  on  the  electron-energy  distribution  functions  calcu¬ 
lated  for  pure  buffer  gases  N,  and  Ar.  We  have  also  analyzed 
the  influence  of  small  amounts  of  HCI  on  attachment  rate 
coefficients  and  mean  electron  energies  in  buffer  gases  in 
order  to  justify  the  experimental  procedure. 

II.  EXPERIMENT 
A.  Experimental  setup 

The  experimental  setup  has  been  described  in  previous 
papers.24  27  Two  parallel,  flat,  stainless-steel  electrodes  (5 
cm  in  diameter)  were  placed  2.5  cm  apart  inside  the  vacuum 
chamber,  which  was  a  six-way  black  anodized  aluminum 
cross  15  cm  in  diameter  (see  Fig.  1 ).  Initial  electrons  were 
produced  by  irradiating  the  uncoated  cathode  surface  with  a 
KrF  excimer  laser  beam  ( Lumonics  86 IS)  at  248  nm  (5 
eV ).  The  diameter  of  the  beam  was  reduced  by  an  aperture  to 
3  mm  in  order  to  make  sure  that  the  electron  swarm  does  not 
extend  outside  the  region  of  homogeneous  field.  Duration  of 
the  laser  pulse  is  about  10  ns,  which  is  significantly  shorter 
than  the  transit  time  of  electrons.  The  laser  was  operated  a'  5 
Hz. 

This  experiment  belongs  to  the  class  of  pulsed  Town¬ 
send  experiments. 2*  The  cathode  is  connected  to  a  high 
negative  voltage  (known  to  +  1  %),  while  the  anode  is  con¬ 
nected  to  the  ground  through  a  resistor  ( R ).  One  option is 
to  select  R  to  be  rather  high,  which  means  that  RC  is  greater 
than  the  electron  transit  time  and  thus  the  voltage  on  the 
resistor  V(t)  is  proportional  to  the  integral  of  the  current. 
The  other  option,  which  was  adopted  in  the  present  experi¬ 
ment.  was  to  select  R  to  be  low  ( R  =  1000  SI )  so  that  RC  is 
lower  than  (he  transit  time  and  V(t)  is  proportional  to  the 
displacement  current  between  the  electrodes.  Transient  vol¬ 
tage  waveforms  were  monitored  by  a  150-MHz  digital  stor¬ 
age  oscilloscope  (Tektronix  2430).  An  averaged  waveform 
of  at  least  100  pulses  was  transferred  to  a  microcomputer  for 
subsequent  analysis. 
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FIG  I  Schematic  diagram  for  experimental  apparatus. 


FIG.  2  (a)  Waveforms  of  transient  voltage  pulses  produced  hy  electron 
motion  in  N .and  in  HCJ-N .  mixtures.  Curve  A.O  mtorr;  Curve  H,  .'0  mtorr. 
Curve  C.  50  mtorr  of  HCI  in  245  torr  of  N,,  H  /.V  -  K.55  Td.  ( b )  In  |  Ctrl/ 
V(tT /T  )  ]  between  the  waveforms  in  (a). 


In  order  to  avoid  a  buildup  of  impurities,  loss  of  polar 
molecules  due  to  adsorption,  and  buildup  of  excited  species 
and  dissociation  products,  the  gas  mixtures  were  operated  in 
a  flow  system.  Buffer  gases  Ns  and  Ar  ( MG  Scientific )  of 
purities  greater  than  99.999%  and  99.998%,  respectively, 
were  used  as  delivered.  HCI  was  premixed  (20%)  with  He 
(  MG  Scientific).  The  attaching  gas  was  diluted  further  with 
the  buffer  gas  by  using  calibrated  gas-flow  meters.  The  un¬ 
certainty  of  the  mixture  composition  was  expected  to  be  less 
than  3%.  The  gas  pressure  was  determined  by  a  calibrated 
capacitance  manometer  (MKS  Baratron),  and  the  uncer¬ 
tainty  of  the  gas  number  density  was  believed  not  to  exceed 
±  0.5%  All  measurements  were  performed  at  room  tem¬ 
perature  ( 298  +  2  K). 

B.  Experimental  procedure 

The  largest  experimental  difficulty  in  performing  the 
pulsed  Townsend  experiment  with  low  values  of  R  (i.e., 
RC  4d .  IK,  where  d  is  the  distance  between  electrodes  and  W 
is  the  drift  velocity)  is  to  reduce  the  noise.  Therefore,  pre¬ 
caution  w  as  taken  to  reduce  any  possible  noise,  especially  the 

_ I 


noise  generated  by  the  discharge  of  the  excimer  laser. 

Typical  voltage  waveforms  are  shown  in  Fig.  2(a). 
After  the  maximum  is  reached,  the  voltage  drops  due  to 
back-diffusion. :,'  M  Then,  the  voltage  is  approximately  con¬ 
stant  (if  there  is  no  attachment  or  ionization  as  shown  in 
curve  A  of  Fig.  2(a) ),  and  as  electrons  reach  the  anode,  it 
starts  to  drop  again.  The  small  increase  and  the  following 
rapid  decrease  serve  as  an  indication  of  the  arrival  of  elec¬ 
trons  to  the  anode,  i.e,,  the  end  of  the  drift  period  (  7”),  which 
can  be  used  to  determine  the  drift  velocity  If'  —  d /T. 

Our  method  for  measuring  attachment  rate  coefficients 
is  to  compare  the  voltage  waveforms  obtained  under  identi¬ 
cal  conditions  in  the  pure  buffer  gas  and  in  the  buffer  gas 
mixed  with  a  small  amount  of  attaching  gas.’4''  The  tran¬ 
sient  voltage  induced  by  electron  motion  is  given  by'' 

V(t)  =f(t)ReWN,  (D/d  ,  (1) 

where  /(/)  is  the  response  function  of  the  detection  system,  d 
is  the  spacing  between  electrodes,  and  ,V  (/)  isthenumberof 
electrons  between  electrodes.  ,V  (t)  is  given  by" 


.V,  I  t)  =  (,V,/y  ttWi) 


r(w%^)exp(- 


-  (z-  wn- 
4  D,t 


\dz 


(z-2d-  IKt)-’y 

V  dl 

4  D,j  )‘ 

exp(  -  »•„/) , 


(2) 


w  here  the  electric  field  is  along  the  z  axis,  D,  is  the  longitudi¬ 
nal  diffusion  coefficient,  v,  is  the  attachment  collision  fre¬ 
quency.  and  ,V„  is  the  number  of  electrons  produced  by  laser 
irradiation  on  the  cathode  surface. 

The  ratio  of  the  voltage  waveforms  for  the  conditions 
with  (denoted  by  a  prime)  and  without  attachment  is 

K'(t)/K(f)  =  [,V'.(0)  IK'/tV,.(0)  W  ]exp(  -  vj)  (3) 


f 

or 

In [  V'{t)/V{t)  1  =  ln[.V;(0)ff"/,y,(0)fK]  -  VJ. 

(4) 

The  attachment  rate  coefficient  can  be  determined  from 
the  slope  of  In |  K'(f)/K(/) )  versus  time  as  shown  in  Fig. 
2(b).  where  lines  B/A  and  C/A  are  determined  from  the 
ratios  of  curves  Band  C  to  curve  A  of  Fig.  2(a),  respectively. 
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Under  some  circumstances,  however,  the  addition  of  an  at¬ 
taching  gas  may  affect  the  energy  balance  and/or  momen¬ 
tum  balance  of  electrons.  Such  situations  are  not  desirable, 
because  it  then  becomes  difficult  to  assign  a  known  value  of 
average  electron  energy  (also  the  attachment  rate  coefficient 
and  electron-energy  distribution  function)  to  the  E  /N  value 
used  in  the  measurements.  Data  obtained  in  argon  are  sensi¬ 
tive  to  the  addition  of  small  amounts  of  impurities.  Mo'-.t  of 
all,  drift  velocities"  can  be  subject  to  dramatic  changes.  In 
pure  argon,  the  electron-energy  balance  is  determined  by 
elastic  collisions  that  are  not  very  efficient  in  dissipating  en¬ 
ergy,  so  the  mean  energy  is  relatively  high.  Therefore,  even  a 
very  small  amount  of  molecular  gas  impurities  can  reduce 
the  average  electron  energy.  Since  the  momentum-transfer 
cross  section  above  the  Ramsauer-Townsend  minimum 
changes  extremely  rapidly,"  the  corresponding  etfects  on  W 
will  be  significant."  Xh  Therefore,  changes  of  W,  when  the 
attaching  gas  is  introduced,  indicate  that  the  electron-energy 
distribution  function  (EEDF)  is  not  identical  to  the  EEDF 
of  the  pure  buffer  gas.  However,  even  under  those  circum¬ 
stances  it  might  still  be  possible  to  perform  a  meaningful 
extrapolation  of  the  attachment  data  to  the  zero  abundance 
of  the  attaching  gas.  Under  those  circumstances,  compari¬ 
son  of  the  voltage  waveforms  should  be  performed  at  times 
that  correspond  to  the  same  position  of  the  traveling  swarm 
between  the  electrodes,  that  is,  the  attachment  rate  coeffi¬ 
cient  is  determined  from 

~vj  =\n[V'(t)/V(tT/D\ 

-ln[N:.(0)J*"/,Vl.(<W]  .  (5) 

Such  treatment  gives  a  linear  plot  even  in  the  region  of  non¬ 
equilibrium  i.e.,  at  /ss  T'  [see  Fig.  2(b)  ]. 

III.  EXPERIMENTAL  RESULTS 

Voltage  waveforms  were  first  measured  in  a  pure  buffer 
gas  at  a  given  pressure  and  E /N.  Drift  velocities  obtained 
from  these  measurements  were  compared  to  some  available 
experimental  data,'3'7-'0  and  good  agreement40  (to  within 
theerrorboundsofthepresenttechniquefor measuring  W  to 


FIG.  4.  Electron-attachment  rate  constants  of  HCI  in  N.  as  a  function  of  E  / 
V.  Curve  A.  present  results:  Curve  B.  Christophorou.  Compton,  and  Dick¬ 
son  ( Ref.  10).  Curve  C,  Kligler,  Rozenberg,  and  Rokni  ( Ref.  1 2), Curve  D, 
Sze,  Greene,  and  Brau  (Ref.  13). 


be  about  10% )  was  taken  as  an  indication  of  sufficient  purity 
of  the  gas  and  adequate  calibration  of  the  system. 

When  the  attaching  gas  was  added  to  the  buffer  gas, 
voltage  waveforms  changed  as  shown  in  Fig.  2(a),  curves  B 
and  C.  Comparison  of  the  waveforms  gave  the  attachment 
rate  constant  ka,  for  that  particular  mixture  (normalized  by 
the  partial  pressure  of  the  attacher).  In  order  to  check 
whether  there  is  any  influence  of  the  attaching  gas  on  the 
EEDF,  measurements  were  performed  at  several  partial 
pressures,  for  which  some  examples  are  shown  in  Fig  3. 
Keeping  the  experimental  uncertainty  and  the  statistical 
scatter  of  the  data  in  mind,  the  linear  extrapolation  to  the 
zero  partial  pressure  was  found  to  be  adequate  in  all  cases. 
Further  discussion  of  this  procedure  will  be  given  in  Sec. 
IV  D.  The  uncertainty  introduced  by  extrapolation  is  be¬ 
lieved  to  be  within  +  5%  of  the  given  value. 

The  electron-attachment  rate  constants  obtained  by  this 
procedure  were  found  to  be  independent  of  the  buffer-gas 
pressure  and  laser  power,  indicating  that  the  data  do  not 
depend  on  electron-conduction  currents.  Data  for  HCI  in  N, 
and  in  Ar  are,  respectively,  shown  in  Figs.  4  and  5,  together 


FIG.  3.  Electron-attachment  rate  constants  as  a  function  of  partial  pressure  FIG.  5  Electron-attachment  rate  constants  of  HCI  in  Ar  as  a  function  of  E  / 

of  HCI  in  (a)  N,  and  (b)  Ar  at  varied  E/N.  .V  Curve  A.  present  results;  Curve  B.  Sze.  Greene,  and  Brau  (Ref.  13) 
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FIG.  t>  Electron-attachment  rate  censuints  of  HCI  as  a  function  of  the 
mean  energv  of  the  electron  swarm  with  Curve  A  N.  and  Curve  B  Ar  as  the 
buffer  gas  E.vperimental  data  of  Kligler.  Rozenberg.  and  Rolan  ( Ref  12) 
for  Ar-H .  mixture  are  shown  as  triangles  (C). 


with  some  other  available  data. 1  ’  The  upper  limit  of  t  he  E  / 
V  values  was  determined  by  the  onset  of  ionization  in  the 
buffer  gas.  Figure  6  shows  the  data  obtained  in  N,  and  Ar  as 
a  function  of  the  mean  electron  energy.  The  mean  electron 
energies  were  calculated  as  explained  in  Sec.  IV  B  and  were 
found  to  be  in  good  agreement  with  the  results  of  Hunter  and 
Christophorou. 

The  overall  uncertainty  of  the  attachment  rate  constant 
is  estimated  to  be  within  +  10%  of  the  given  value.  It  is 
difficult  to  account  for  each  possible  individual  source  of 
error,  and  instead  a  sum  of  errors  is  estimated.  The  main 
causes  of  data  uncertainty  are  the  extrapolation  procedure  in 
conjunction  of  w  ith  scatter  of  data,  a  possible  weak  nonlin¬ 
ear  dependence  of  Au  on  the  partial  pressure  of  HCI  (see  Sec. 
IV  D).  and  the  determination  of  the  partial  pressure. 

IV.  DISCUSSION 

A.  Comparison  of  experimental  data 

Dissociative  attachment  to  HCI  proceeds  through  two 
possible  channels: 

HCI  +  e  —  H  -F  Cl  (6) 

-H  -t-Cl.  <1) 

The  first  process  peaks  between  0.8  and  0.9  eV  and  the  abso¬ 
lute  cross  sections''1” 2 1:’  were  found  to  be  (3.9- 
30)  •  10  ls  cm2.  The  ion  appearance  potential  was  found  to 
be  0.64  eV."  The  vibrationally  excited  states  of  HCI  have 
significantly  lower  thresholds,  and  the  corresponding  cross 
sections  are  more  than  1  ( for  v  ---  1 )  and  2  ( for  v  =  2 )  orders 
of  magnitude  larger  than  the  cross  section  for  the  ground 
state.  '  41  Production  of  H  ions  begins  at  higher  energies 
with  peaks  at  7.1  and  9.05  eV  (Ref.  21 )  with  a  maximum 
cross  section  of  the  order  of  2  -  10  ls  cnr.  This  process  is 
outside  the  energy  range  of  our  measurements,  and  only  at 
the  highest  values  of  E /.V  in  Ar  there  is  some  indication  of 
H  production. 

Our  experimental  data  are  compared  with  other  avail¬ 


able  data  in  Figs.  4-6.  In  N;  ( Fig.  4),  the  agreement  with  the 
results  of  Christophorou,  Compton,  and  Dickson"’  is  good 
above  E/S  =  2  townsends  (Td),  but  we  do  not  observe  an 
increase  of  A„  at  low  values  of  E /N.  Attachment  rate  con¬ 
stants  of  Kligler,  Rozenberg,  and  Rokni'2  and  Sze,  Greene, 
and  Brau11  are  significantly  larger  than  the  current  data. 
Their  data  are  significantly  larger  than  the  predictions  of 
cross  sections  obtained  by  beam  methods.  Apparatuses  used 
by  Kligler,  Rozenberg,  and  Rokni  and  by  Sze.  Greene,  and 
Brau  are  quite  similar  and  so  is  the  analysis.  Also,  both 
groups  have  failed  to  observe  the  energy  (E/S)  dependence 
of  A„  that  would  be  consistent  with  the  shape  of  the  available 
cross  sections.  It  is  hard  to  explain  the  discrepancy,  but  it  is 
possible  that  some  other  electron-loss  processes  were  present 
in  their  apparatus,  such  as  losses  due  to  electron  drift.  In 
addition,  these  authors1'  observed  significant  dissociation 
( 50% )  of  HCI  in  their  mixtures  of  several  ppm  of  HCI  in  the 
buffer  gas.  Surprisingly,  the  results  for  attachment  rates  in 
Ar-H:  mixture  obtained  by  Kligler,  Rozenberg.  and  Rokni12 
agree  in  magnitude  with  our  data. 

It  is  not  possible  to  make  a  meaningful  comparison  with 
the  available  data  for  thermal  attachment  rates  such  as  those 
obtained  by  Miller  and  Gould.1'  who  have  performed  mea¬ 
surements  in  the  temperature  range  1 730-2475  K.  While  the 
mean  energies  covered  by  them  overlap  w  it h  the  mean  ener¬ 
gies  covered  in  the  present  analysis,  one  could  expect  a  large 
population  of  vibrationally  excited  molecules,  .md  also  the 
Maxwellian  distribution  function  would  be  quite  different 
from  the  electron  energy  distribution  function  at  the  corre¬ 
sponding  E/S  in  N:. 

B.  Calculation  of  electron-energy  distribution  functions 

Electron-energy  distribution  functions  (EEDFs)  were 
calculated  from  the  Boltzmann  equation  using  a  standard 
two-term  procedure  that  takes  into  account  superelastic 
collisions/2  Sets  of  electron-scattering  cross  sections  for  N: 
( Ref.  43)  and  Ar  ( Refs.  34  and  44)  w  ere  compiled.  Inelastic 
processes  were  also  included  for  Ar,  even  though  in  condi¬ 
tions  of  the  present  measurements  their  contribution  was 
negligible.4'  Calculations  of  transport  coefficients  for  pure 
buffer  gases  were  in  good  agreement  with  the  available  ex¬ 
perimental  data/'1  Several  attachment  cross  sections  of 
Hunter  and  Christophorou1  were  also  used  to  check  the 
performance  of  the  computer  code  and  adequacy  of  the  se¬ 
lected  cross  sections. 

Our  measurements  in  N;  extended  only  up  to  10  Td 
Multiterm  corrections  to  mean  electron  energv  '  e  '  and  oth¬ 
er  transport  coefficients  are  very  small  at  these  values  of  E 
S.  Pitchford  and  Phelps/  ''4''  however,  found  that  rate  coeffi¬ 
cients  calculated  by  the  two-term  theory  could  *e  very  much 
in  error  even  when  other  coefficients  were  determined  accu¬ 
rately/'’ This  is  the  result  of  the  fact  that  when  the  two-term 
theory  starts  breaking  down,  the  high-energy  tail  of  the 
EEDF  will  be  affected  the  most.  Therefore,  the  calculation 
of  rate  coefficients  for  processes  with  inelastic  thresholds 
significantly  higher  than  (e)  is  the  least  accurate.  This  was 
not  the  case  in  our  calculations  for  most  high£  V  data,  since 
the  inelastic  energy  losses  and  sometimes  even  energy  corre¬ 
sponding  to  the  maximum  of  the  cross  section  were  normally 
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lower  than  <e).  Thus,  £u  was  determined  by  the  bulk  of 
EEDF  and  therefore  subject  to  inaccuracy  due  to  applica¬ 
tion  of  the  two-term  theory,  which  is  comparable  to  the  inac¬ 
curacy  in  (e).  At  low  E /N,  the  (e)  values  were  significantly 
(up  to  4  times)  smaller  than  the  inelastic  threshold.  How¬ 
ever,  at  these  energies  the  two-term  theory  performs  very 
well  even  for  the  high-energy  tail.  Also,  the  cross  sections 
were  determined  from  a  wide  range  of  data,  so  we  can  con¬ 
clude  that  our  results  are  not  affected  by  the  breakdown  of 
the  two-term  theory. 

It  is  generally  believed  that  the  two-term  theory  is  appli¬ 
cable  for  pure  atomic  gases  well  below  the  onset  of  inelastic 
processes.47  Although  the  calculation  of  the  transverse  diffu¬ 
sion  coefficient  was  recently  questioned, 1K  such  effects 
would  not  affect '“our  calculations.  Finally,  it  should  be  not¬ 
ed  that  m  order  to  make  a  comparison  with  the  data  of 
Kligler.  Rozenberg,  and  Rokni':  (see  Fig.  6),  mean  electron 
energies  in  the  S'!-  H,-Ar  mixture  were  calculated  using  the 
best  available  set  of  cross  sections  for  low-energy  electrons  in 
H,  (Ref.  50). 

C.  Electron-attachment  cross  section 

Recently,  analyses  of  electron  transport  in  pure  HC1  and 
gas  mixtures  of  MCI  have  been  performed  by  Davies  "anti  by 
Penetrante  and  Bardsley.'1  Davies  used  a  two-term  solution 
to  the  Boltzmann  equation,  while  Penetrante  and  Bardsley 
applied  the  Monte  Carlo  procedure.  In  both  cases,  the  ranges 
of  transport  coefficients  (ku  and  W  for  pure  HC1  and  A„  for 
HCI-N,  mixtures  as  measured  by  Sze.  Greene,  and  Brau" 
and  Kligler.  Rozenberg,  and  Rokni")  were,  however,  insuf¬ 
ficient  to  determine  the  entire  set  of  electron  scattering  cross 
sections  uniquely.  Nevertheless,  the  mixture  data  provide  a 
sufficient  basis  to  determine  uniquely  the  absolute  values  of 
the  electron-attachment  cross  section.  On  the  other  hand,  it 
was  found  by  Penetrante  and  Bardsley"  that  attachment 
rates  in  pure  HC1  are  very  sensitive  to  the  vibrational  excita¬ 
tion  cross  section.  These  authors  had  to  significantly  in¬ 
crease  the  vibrational  excitation  cross  sections  of  Davies  in 
order  to  fit  both  the  attachment  rates  in  pure  and  gas  mix¬ 
tures  of  HCI.  A  Iterations  of  the  attachment  cross  section  had 
little  effect  on  the  corresponding  rates  in  pure  HCI  due  to  a 
"hole-burning"  effect  at  the  local  minimum  of  the  EEDF. 
The  determination  of  the  cross  section  for  attachment  on  the 
basis  of  the  mixture  data  does  not  suffer  from  this  problem 
since  the  energy  and  the  momentum  balance  are  determined 
mainly  by  the  buffer  gas  (while  HCI  controls  the  number 
density  '.  This  makes  the  mixture  technique  suitable  for  the 
determination  of  tile  attachment  cross  section. 

In  the  present  analysis  we  have  attempted  to  determine 
.'illy  the  attachment  cross  section  from  our  experimental 
data.  As  expected,  the  calculated  attachment  rule  constants 
using  tiie  cross  section  of  Penetrante  and  Bardsley  '1  ,ir, 
much  larger  than  our  results  ( see  Fig.  7  ) .  Scaling  their  cross 
section  by  0.6  gives  results  m  excellent  agreement  with  the 
data  in  pure  Ar  and  in  N,  below  4  Td.  However,  the  dis¬ 
agreement  with  the  data  in  N,  above  4  Td  exceeded  the  ex¬ 
perimental  uncertainty.  Scaling  by  0.67  improved  the  agree¬ 
ment  at  higher  E /.V  in  N:,  but  the  agreement  below  4  Td  in 
Ar  was  not  as  good.  Nevertheless,  it  can  be  concluded  that 


'■  C:  "Cl  - V»  '  A  “  Di  nCi-Ar 

3  -  - 


6  ■;  ji  OS  l 

F.  n  « To>  t  '  Td  ■ 


FIG  7  Comparison  between  the  experimental  data  and  the  calculated  val¬ 
ues  using  cross  sections  ot  Ciu  \e  A.  IVnetrame  and  Bardsley  (PB,  Ret'.  51). 
Curve  I).  PB  scaled  In  0  6:  Curse  C.  PB  scaled  by  0.o7,  Curve  D,  smoothed 
present  result  that  tits  with  the  cross  vxtion  shown  in  Fig.  S.  The  present 
experimental  data  of  HCI  m  V  j circles  m  ia)  \  and  MCI  in  Ar  {circles  in 
t  b)  ]  are  show  n  for  comparison 


the  cross  section  of  Penetrante  and  Bardsley  "  if  reduced  by  a 
factor  of  0  6-0.7  is  consistent  with  our  experimental  data. 
Numerous  attempts  were  made  to  produce  a  cross  section 
that  would  tit  the  experimental  data  even  better.  Both  direct 
modifications  of  the  initial  cross  section  and  the  "automat¬ 
ic"  unfolding  proved uic  • >f  Chnstophorou.  MeCorkle.  and 
Anderson'  were  applied.  The  best  lit  (see  Fig.  7)  was  ob¬ 
tained  by  the  cross  section  shown  m  Fig.  8.  where  the  cross 
section  peaks  between  0.K8  and  0.9  eV. 

The  maximum  attachment  cross  section  is 
0.126  •  10  cm',  which  is  in  good  agreement  with  the 
theoretical  calculations  of  Bardsley  and  Wadehra”  (0.12) 
and  the  beam  data  of  Azria  ct  ul."  (0.089).  However,  our 
value  is  significantly  lower  than  the  results  of  Orient  and 
Srivastava*1  (0.26)  and  Chnstophorou.  Compton,  and 


\  0  ; )- 
o 

:1  1  S’. 


HG  *  l.«  •w -energy  elect  rmi  .jM.u.hnu*»t  cross  sections  of  HCI  Curve  A. 
present  result  obtained  from  unfolding  of  the  measured  electron-attach¬ 
ment  rate  constants.  Curve  B.  Pencil  ante  and  Bardsley  (  Ref.  51 ).  Curve  C. 
Bardsley  and  Wadehia  t  Ref  22),  Curve  D.  Orient  and  Srtvastava  (Ref 
21  );  Curve  E.  Buchel  nikova  f  Ref 
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Dickson10  (0.20),  but  it  is  higher  than  the  results  of 
Buchel’nikova4  (0.04).  Structures  (steps)  predicted  by  the- 
ory”•2,  could  not  be  clearly  resolved  by  swarm  measure¬ 
ments.  At  low  mean  electron  energies  (measured  in  N:),  the 
experimental  data  are  systematically  higher  than  calculated 
values.  The  discrepancy  was  resolved  by  adding  a  “foot”  of 
0.01  X  10~IA  cm’  to  the  cross  section  starting  at  0.45  eV. 
Nevertheless,  even  in  the  case  that  the  attachment  at  the  low 
£ /.V  is  totally  attributed  to  the  excited  molecules,  the  influ¬ 
ence  on  the  attachment  rate  at  the  higher  E/N  should  be 
negligible. 

D.  Influence  of  HCI  on  EEDF  in  buffer  gases 

Measurements  of  attachment  rate  constants  were  per¬ 
formed  for  several  abundances  of  HCI  in  order  to  be  able  to 
extrapolate  to  zero  HCI  pressure  (see  Fig.  3)  and  conse¬ 
quently  use  the  EEDF  of  pure  buffer  gases  in  the  analysis. 
Especially,  results  in  argon  are  affected  by  the  addition  of 
small  quantities  of  molecular  impurities.  Helium,  which  was 
used  to  premix  HCI  (ratio  80%  He- 20%  HCI),  could  not 
affect  the  EEDF  in  pure  Ar  at  the  abundances  used  ( 10~4). 
As  shown  in  Fig.  3,  addition  of  HCI  can  lead  to  a  decrease  of 
ka  if  ( e )  is  below  the  energy  corresponding  to  the  peak  cross 
section  and  an  increase  of  ka  if  ( e )  is  larger  than  the  peak 
value.  If  {()  is  near  the  value  corresponding  to  the  peak  cross 
section,  ka  could  be  relatively  independent  of  [  HCI  ] .  Theo¬ 
retical  calculations  were  performed  to  compare  with  experi¬ 
mental  observations. 

In  argon,  HCI  has  a  large  effect  o  ,  me  EEDF  in  a  wide 
range  of  E/N.  Theoretical  ca"u'  <  ons  of  the  attachment 
rate  constants  and  the  mean  electron  energies  as  a  function 
of  £  /N  at  varied  [  HCI  ]  /  [  Ar  ]  are  shown  in  Figs.  9  ( a )  and 
9(b),  respectively.  Th  .  cross  sections  for  HCI  of  Penetrante 
and  Bardsley51  were  used,  but  the  calculated  EEDF  was  con¬ 
voluted  with  the  cross  section  obtained  here  to  calculate  kQ. 
Below  0.2  Td.  the  ku  values  decrease  monotonically  with  the 
addition  of  HCI,  and  above  0.4  Td,  they  increase  monotoni¬ 
cally.  Relatively  small  changes  of  ka  can  be  expected 
between  0.2  and  0.4  Td,  showing  a  maximum  for  a  certain 
abundance  of  HCI  corresponding  to  (e)  being  approximate¬ 
ly  equal  to  the  energy  for  the  peak  cross  section.  Some  exam- 


FIG.  9.  Calculated  influence  of  the  addition  of  HCI  to  Ar  (a)  electron- 
attachment  rate  constants  and  (b)  mean  electron  energy  as  a  function  of  £Y 
,V.  Curve  A,  (HCI|/(Arl  =0;  Curve  B.  0  5x  10  Curve  C.  I  X  10  \ 
Curve  D,  2x10  J;  Curve  E,  3x10  J,  Curve  F.  4x10  *.  Curve  G, 
5x10 


(a)  (b) 


FIG.  10.  Calculated  influence  of  the  addition  of  HCI  to  Ar  on  (a)  ihe  at¬ 
tachment  rate  constants  and  (b)  the  mean  energy  of  electrons  as  a  function 
of  the  fraction  of  1  HCI  |/  |  A  r  |  at  varied  E /.V. 


pies  of  the  calculated  ka  values  at  fixed  E/S  and  varied 
l HCI )/[  Ar )  are  shown  in  Fig.  10(a).  Calculations  predict 
change  of  the  sign  of  the  slope  at  E/N  —  0.29  Td.  This  calcu¬ 
lated  result  is  in  excellent  agreement  with  experimental  ob¬ 
servation  as  shown  in  Fig.  3.  This  calculation  supports  that 
the  linear  extrapolation  method  is  valid  even  in  the  case  of 
low  £ /S  where  ku  is  very  sensitive  to  the  addition  of  HCI. 
Linear  extrapolation  will  not  lead  to  errors  larger  than  the 
claimed  experimental  error  bounds.  At  a  fixed  E/N,  the 
mean  electron  energy  will  decrease  monotonically  with  in¬ 
creasing  [HCl]/[Ar]  as  shown  in  Fig.  10(b). 

The  influence  of  HCI  in  N;  is  smaller  than  that  in  Ar, 
though  it  is  observable  at  lower  values  of  £  /N  for  abun¬ 
dances  of  the  order  of  10~4  as  has  been  already  shown  by 
Penetrante  and  Bardsley.'1  This  is  so  because  even  though 
N;  is  a  molecular  gas  and  has  a  large  vibrational  excitation 
cross  section,  HCI  (as  a  moderately  polar  molecule)  has 
much  large  cross  sections  both  for  momentum  transfer  and 
rotational  and  vibrational  excitation,  which  could  be  espe¬ 
cially  important  for  energies  below  the  onset  of  resonant  vi¬ 
brational  excitation  of  N:.4’  Nevertheless,  the  influence  is 
small  enough  to  justify  linear  extrapolation. 

V.  CONCLUSION 

Experimental  data  for  the  electron  dissociative  attach¬ 
ment  rate  constant  of  HCI  are  presented  in  this  paper.  Mea¬ 
surements  were  perfomed  with  dilute  mixtures  of  varied 
[HCI]  in  Ar  and  N:.  The  attachment  rate  constants  ob¬ 
tained  by  linear  extrapolation  of  the  measured  values  to  the 
zero  HCI  abundance  were  converted  to  electron-attachment 
cross  sections  using  the  electron-energy  distribution  func¬ 
tions  in  pure  Ar  and  N:.  The  peak  value  of  the  cross  section  is 
0. 126x  10  “ ,f>  cnr  at  the  mean  electron  energy  around  0.9 
eV.  The  absolute  value  is  in  agreement  with  one  set  of  beam 
data"  and  some  theoretical  predictions”  but  in  disagree¬ 
ment  with  other'sets  of  data.  No  evidence  of  significant  at¬ 
tachment  at  low  values  of  £  /N  was  found. 

Further  work  is  required  before  a  full  set  of  electron¬ 
scattering  cross  sections  can  be  obtained.  These  should  in- 
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elude  measurements  of  ionization  rates  and  drift  velocities  in 
mixtures  with  Ar.  Such  data  should  provide  additional  con¬ 
straints  on  the  cross  sections.  Nevertheless,  the  present  at¬ 
tachment  rate  coefficients  give  absolute  values  of  attachment 
cross  sections  independent  of  the  measurements  in  pure 
HC1.  The  data  derived  in  this  work  can  be  used  directly  in 
studies  of  electron  and  ion  kinetics  of  discharges  containing 
small  amounts  of  HC1. 
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Appendix  E 

Electron  attachment  rate  constants  of  SOCI2  in  Ar,  N2,  and  CH4 
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Department  of  Electrical  and  Computer  Engineering,  San  Diego  State  University,  San  Diego,  California 
92182 

(Received  10  April  1986;  accepted  26  August  1986) 

The  electron  attachment  rate  constants  of  SOCK  in  the  buffer  gases  of  Ar,  NK,  and  CH4  ( 150 
to  500  Torr)  at  various  E  /N  ( 1-15  Td)  were  measured  by  a  parallel-plate  drift-tube  electron- 
swarm  technique.  Electrons  were  produced  by  irradiating  the  cathode  with  KrF  laser  photons. 
For  the  SOCK-Ar  mixture,  the  electron  attachment  rate  constant  has  a  maximum  value  of 
6.2x  10~ 10  cm'/s  at  E /N  =  4  Td.  For  SOCK  in  N,,  the  electron  attachment  rate  constant  is 

1.25  X  10“  “  cm'/s  at  E/N  =  1.3  Td,  and  decreases  with  increasing  E  /N.  For  SOCK  in  CH4, 
the  electron  attachment  rate  constant  is  4.8  X  10-9  cm'/s  at  £AV  =  I  Td,  and  decreases  with 
increasing  E /.V.  For  every  gas  mixture  studied,  the  electron  attachment  rate  constant  is 
independent  of  buffer  gas  pressure,  indicating  that  the  electron  attachment  to  SOCK  is  due  to  a 
dissociative  process.  The  electron  attachment  processes  in  the  studied  gas  mixtures  are 
discussed. 


I.  INTRODUCTION 

Recently,  we  have  observed  that  the  conduction  current 
in  a  glow  discharge  of  SOCK-N,  mixture  can  be  reduced 
when  the  gas  medium  is  irradiated  by  ArF  laser  photons. 
The  current  reduction  may  be  caused  by  enhancement  of  the 
electron  attachment  rate  due  to  the  Cl  and  SO  radicals, 
which  are  produced  from  photodissociation  of  SOCK  by 
ArF  laNer  photons.  This  result  indicates  that  SOCK  may  be 
useful  for  the  development  of  laser-controlled  opening 
switches.  The  electron  attachment  rates  for  SOCK  in  various 
buffer  gases  provide  the  basic  information  needed  for  such 
application,  and  motivate  us  to  perform  this  investigation. 

A  parallel-plate  drift-tube  electron-swarm  technique 
has  been  used  in  our  laboratory  to  measure  the  electron  at¬ 
tachment  rate  constants  of  several  molecules.  The  elec¬ 
tron  attachment  rate  constants  of  SOCK  in  Ar,  N:,  and  CH4 
at  \  aried  E  /.V  are  reported  in  this  paper.  These  data  are  not 
yet  available  in  the  literature.  The  electron  attachment  pro¬ 
cesses  of  SOCK  in  various  buffer  gases  are  discussed  based  on 
the  experimental  data  measured. 

II.  EXPERIMENT 

The  experimental  setup  has  been  described  in  previous 
papers. In  brief,  the  gas  cell  was  6  in.  six-way  aluminum 
cross.  The  electrodes  were  two  parallel  uncoated  stainless 
steel  plates  5  cm  in  diameter  and  3  cm  apart.  The  electron 
swarm  was  produced  by  irradiation  of  the  cathode  with  a 
KrF  ( Lumonics  model  861S)  laser  beam  of  wavelength  248 
nm  (5.0  eV).  The  laser  pulse  duration  was  about  10  ns. 
These  photons  are  energetically  capable  of  dissociating 
SOCK.'  '’  The  size  of  the  laser  beam  was  reduced  to  0.3  cm 
radius  such  that  only  a  small  fraction  of  SOCK  near  the  cath¬ 
ode  was  irradiated  by  laser  photons.  This  small  beam  size 
confines  the  laser-produced  photofragments  (such  as  SO, 
Cl,  and  CK )  to  a  small  region  around  the  cathode.  The  elec- 
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tron  motion  near  the  cathode  was  excluded  from  the  data 
analysis,  so  the  measured  electron  attachment  rate  is  due  to 
SOCK  only. 

A  negative  high  voltage  was  applied  to  the  cathode  to 
maintain  an  electric  field  between  the  electrodes.  The  con¬ 
duction  current  induced  by  the  electron  motion  between  the 
electrodes  was  measured  as  a  transient  voltage  pulse  across  a 
resistor  ( 33-2000  fl )  connecting  the  anode  to  ground.  Each 
transient  pulse  was  monitored  by  a  150  MHz  digital  storage 
oscilloscope  (Tektronix  2430)  and  was  subsequently  stored 
in  an  IBM-XT  microcomputer.  The  data  were  analyzed  by 
the  computer. 

Pressure  in  the  gas  cell  was  kept  constant  (monitored  by 
an  MKS-Baratron  manometer),  while  a  slow  flow  of  gas, 
20  cm  V min,  was  maintained.  All  measurements  were  per¬ 
formed  at  room  temperature,  23  °C.  All  gases  were  supplied 
by  MG  Scientific  and  were  used  as  received;  purities  of  the 
Ar,  N;,  and  CH4  were  better  than  99.998%,  99.998%,  and 
99.99%,  respectively.  Thionyl  chloride  (99%  purity)  was 
supplied  by  Fisher  Scientific. 

The  thionyl  chloride  liquid  was  stored  in  a  glass  bottle 
inside  a  stainless  steel  container.  The  thionyl  chloride  vapor 
was  carried  into  the  gas  cell  by  a  buffer  gas,  Ar,  N:,  or  CH4. 
The  concentration  of  SOCK  was  determined  from  the  ratio 
of  SOCK  vapor  pressure  ( 1 10  Torr  at  23  °C)  to  the  carrier 
gas  pressure  ( 2  atm ) .  Measurements  were  also  made  by  pre¬ 
mixed  SOCK  in  various  buffer  gasses.  These  mixtures  had 
well-defined  concentrations  of  SOCK.  Results  obtained  from 
different  methods  of  mixing  gases  do  not  show  a  difference. 
The  major  dissolved  impurity  in  SOCK  has  been  reported  to 
be  SO:7;  however,  the  attachment  rate  constant  for  SO,  is 
much  smaller  than  that  for  SOCK/  so  the  effect  of  possible 
SO,  impurity  on  these  measurements  should  be  negligible. 

III.  RESULTS 
A.  SOCIa-Ar  mixture 

The  electron  transient  waveforms  for  the  SOCK-Ar 
mixtureat£/.V  =  0.26Td  (  I  Td  =  10  ' ’ V  cm:)  areshown 
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FIG.  1.  The  waveforms  of  transient  voltage  pulses  produced  from  electron 
motion  in  390  Torr  of  Ar  with  SOCK  (a)  0,  (b)  23  mTorr.  and  (c)  50 
mTorr.  Electrons  were  produced  from  irradiation  of  the  cathode  by  KrF 
laser  photons.  The  E  /.V  was  fixed  at  0.26  Td.  The  electrode  spacing  was  3 
cm.  and  the  external  resistor  was  1  K  12. 


shown  in  Fig.  1,  where  the  pressure  of  Ar  was  390  Torr,  and 
the  pressures  of  SOCl2  were  (a)  0,  (b)  23,  and  (c)  50  mTorr. 
Each  waveform  is  the  average  of  64  pulses  which  were  cap¬ 
tured  by  the  digital  storage  oscilloscope.  As  can  be  seen  from 
Fig.  1(a)  (with  only  Ar  in  the  gas  cell),  voltage  decreased 
rapidly  after  the  first  peak.  This  is  probably  due  to  the  loss  of 
electrons  by  back  diffusion  to  the  cathode/  After  the  peak, 
the  voltage  approached  a  nearly  constant  value  until  the 
electrons  arrived  at  the  anode,  where  the  voltage  dropped  to 
zero.  The  voltage  shows  a  slight  increase  before  it  drops. 
This  may  be  caused  by  the  effect  of  electron  diffusion  to 
absorbing  anode;  namely,  the  distribution  of  electron  num¬ 
ber  density  and  the  mean  electron  energy  in  the  vicinity  of 
the  anode  will  be  distorted  by  the  presence  of  anode/  Since 
this  increase  of  voltage  (near  the  anode)  occurs  both  in  the 
gas  systems  with  and  without  electron  attacher,  it  should  not 
affect  our  data  analysis.  In  fact,  when  we  take  the  ratio  of 
transient  voltages  with  (  V)  and  without  (  F„)  SOCK  as  a 
function  of  time,  a  linear  dependence  of  ln(  V /V0)  on  time 
can  extend  to  the  region  where  the  second  bump  occurs. 
Nevertheless,  for  most  of  our  data  analysis,  only  the  flat  por¬ 
tion  of  the  transient  voltage  is  considered. 

When  small  amounts  of  SOCK  were  added  to  the  gas 
cell,  both  pulse  duration  and  amplitude  decreased  as  shown 
in  Figs.  1(b)  and  1(c).  The  shortening  of  pulse  duration  is 
due  to  the  increase  of  electron  drift  velocity,  and  the  decrease 
of  amplitude  is  caused  by  the  electron  attachment  to  SOCK. 
This  interpretation  has  been  extensively  discussed  in  pre¬ 
vious  papers.  I-* 

The  electron  attachment  rate,  v„,  at  a  fixed  SOCK  con¬ 
centration  is  obtained  from  the  slope  of  ln(  V /Vn)  vs  time 
which  has  been  previously  described  in  detail. 1 '  Only  the 
fiat  portion  of  the  trace  was  used  for  the  data  analysis  (the 
first  peak  and  the  tail  were  avoided ) .  For  example,  ratios  for 
the  voltages  in  Fig.  1  were  considered  only  from  t  =  4to8^s. 
At  this  time  interval,  the  conduction  electrons  are  far  away 
from  the  region  irradiated  by  laser,  so  the  possible  interfer¬ 
ence  by  Cl  and  SO  radicals  (which  may  be  produced  by 
photodissociation  of  KrF  laser  photons)  is  avoided.  Thus, 
the  measured  electron  attachment  rates  are  caused  by  SOCK 
only. 

The  electron  attachment  rate  was  found  to  be  directly 


Mean  Electron  Energy  (  eV ) 
0  2  3  4  5 
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FIG.  2.  Electron  attachment  rate  constant  as  a  function  of  E/\  (bottom 
axis)  and  mean  electron  energy  (top  axis)  for  SOCK  in  Ar.  The  Ar  pressure 
was  390  Torr. 

proportional  to  the  partial  pressure  of  SOCK  but  indepen¬ 
dent  of  the  total  pressure.  This  shows  that  the  electron  at¬ 
tachment  is  a  two-body  dissociative  process.  The  electron 
attachment  rate  constant,  ka ,  of  the  two-body  process  is  de¬ 
termined  by  v0/[SOCK],  when  [SOCK]— 0.  It  had  been 
shown2-*10'1 1  that  a  small  fraction  of  impurity  added  to  Ar 
gas  may  affect  the  electron  energy  distribution  function  and 
hence  the  electron  drift  velocity.  The  increase  of  electron 
drift  velocity  caused  by  adding  SOCK  to  Ar  was  observed  in 
this  experiment.  The  measured  ka  values  also  decrease  with 
increasing  [SOCK]/[Ar]  because  of  the  effect  of  SOCK  on 
the  electron  energy  distribution.  Nevertheless,  the  SOCK 
partial  pressure  we  used  was  limited  to  a  small  value  (0-50 
mTorr),  thus,  the  variation  of  k u  with  [SOCK]/[Ar]  is 
within  the  experimental  uncertainty  estimated  to  be  —  20 “T 
of  each  given  value. 

The  ku  values  measured  at  various  E  /.V  at  [SOCK]/ 
[  Ar]  —0  are  shown  in  Fig.  2  for  an  Ar  pressure  of  390  Torr. 
The  scale  of  the  mean  electron  energy,  ( e ),  is  also  shown  on 
the  top  axis  of  Fig.  2.  The  mean  electron  energies  used  here 
were  calculated  by  Christophorou  and  Hunter"12  who  used 
a  numerical  method  to  calculate  the  electron  energy  distri¬ 
bution  function  f(e.E/\)  in  Ar  (and  N:).  The  electron 
attachment  rate  constant  reaches  a  maximum  value  of 
6.2  X  10  '"cm7sat£V.V  =  4Td  ((e)  =  4.5  eV).  The  elec¬ 
tron  attachment  rate  constants  were  also  measured  at  differ¬ 
ent  Ar  pressures,  and  the  results  are  similar  to  those  shown 
in  Fig.  2. 

B.  SOCI2-N2  mixture 

The  measured  electron  attachment  rate  is  proportional 
to  the  partial  pressure  of  SOCK  but  does  not  depend  on  the 
N,  pressures  from  150-500  Torr.  This  shows  that  the  elec- 
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FIG.  3  Electron  attachment  rate  constant  as  a  function  of  E /.V  (bottom 
axis)  and  mean  electron  energy  (top axis)  for  SOCK  in  N;.  The  N,  pressure 
was  475  Torr. 


tron  attachment  is  a  two-body  dissociative  process.  The 
measured  ku  values  for  the  SOCK-N,  mixture  are  shown  in 
Fig.  3,  where  the  N:  pressure  is  about  475  Torr  and  the  E  /N 
is  in  the  range  of  1-8  Td.  The  mean  electron  energy  in  N:  is 
also  shown  on  the  top  axis  of  Fig.  3.  Again,  the  mean  electron 
energies  used  here  were  given  by  Christophorou  and  Hunt¬ 
er"  '■  who  used  the  calculated  / (e,E  /N)  in  N:  to  obtain 
(e)  at  various  E  /N.  The  attachment  rate  constant  is  about 
1.25  x  10_gcm'/sat£/(V  =  1.3Td(<e>  =  0.4  eV),  and  de¬ 
creases  with  increasing  E  /N. 

C.  SOCI2-CH4  mixture 

Similar  to  the  results  obtained  in  the  Ar  and  N;  buffer 
gases,  the  electron  attachment  rate  is  proportional  to  the 
partial  pressure  of  SOCK  but  does  not  depend  on  the  CH4 
buffer  pressure  (varied  from  150-500  Torr),  indicating  that 
the  electron  attachment  is  a  two-body  dissociative  process. 
The  electron  attachment  rate  constants  for  the  SOCK-CH4 
mixture  are  shown  in  Fig.  4  for  £ /A  from  1  to  15Tdandfor 
two  different  pressures  of  CH4.  The  mean  electron  energies 
in  CH4  are  shown  on  the  top  axis  of  Fig.  4.  (The  mean  elec¬ 
tron  energy  in  CH4  for  E  /N  higher  than  1 2  Td  is  not  avail¬ 
able. )  It  should  be  noted  that  the  mean  electron  energy  in 
CH4  is  calculated  from  (e)  =  l(eDL//j.)/2  by  the  assump¬ 
tion  that  the  electron  energy  distribution  is  a  Maxwell  func¬ 
tion  where  Dt  /fx  is  the  ratio  of  lateral  electron  diffusion 
coefficient  to  electron  mobility.12  As  shown  in  Fig.  4,  the 
attachment  rate  constant  is  about  4  8X  10  g  em'/s  at  E / 
.V  =  1  Td,  and  it  then  decreases  with  increasing  E/N. 

IV.  DISCUSSION 

Since  the  electron  energy  distributions  in  Ar  and  N:  are 
similar,"" 1 '  it  may  be  appropriate  to  characterize  the  elec¬ 


E  /  N  {  Td  ) 

FIG.  4.  Electron  attachment  rate  constant  as  a  function  of  E /  S  (bottom 
axis)  and  mean  electron  energy  (top axis)  forSOCl,  in  CH4.  The  CH4  pres¬ 
sures  were  340  Torr  (•)  and  490  Torr  (  ▲  ). 


tron  attachment  rate  constants  in  both  SOCK-Ar  and 
SOCl;-N;  mixtures  as  a  function  of  the  (e)  parameter.  As 
shown  in  Fig.  5,  the  ka  values  of  SOCK  in  N:  buffer  gas 
match  with  the  k^  values  of  SOCK  in  Ar  buffer  gas.  A  similar 
case  was  observed  in  C,FS'"  whose  electron  attachment 
rate  constants,  measured  in  N,  and  Ar  buffer  gases,  are  well 
matched.  For  the  CH4  buffer  gas.  however,  the  real  mean 
electron  energies  at  various  E /.V are  not  calculated  yet.  The 
electron  energy  distribution  of  the  Maxwell  function  in  the 
mean  electron  energy  calculation  is  quite  different  from  that 
of  N:  or  Ar.  So,  it  is  not  appropriate  to  compare  the  data 
derived  from  the  SOCK-CH4  mixture  with  that  of  the 
SOCK-N-,  or  SOCK-Ar  mixture.  The  data  obtained  from 
the  SOCK-CH4  mixture  are  thus  not  included  in  Fig.  5. 

The  electron  attachment  rate  constant  of  SOCK  vs  the 


Mean  Electron  Energy  <£>  (eV) 


FIG  5.  Electron  attachment  rate  constant  as  a  function  of  mean  electron 
energy  lor  the  SOCL-N-  t  ▲  )  and  SOCK-Ar  (•)  mixtures 
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FIG.  6.  Energy  thresholds  for  the  dissociation  processes  ( left )  and  the  elec¬ 
tron  dissociative  attachment  processes  (right)  of  SOCK. 


mean  electron  energy  (shown  in  Fig.  5)  has  a  peak  at  the 
thermal  energy  and  a  broad  band  with  a  maximum  at  4.8  eV. 
This  result  indicates  that  the  electron  attachment  is  due  to  at 
least  two  different  dissociative  attachment  processes.  ( Note 
that  the  attachment  is  attributed  to  a  dissociative  attachment 
process  because  the  electron  attachment  rate  constant  is  in¬ 
dependent  of  the  buffer  gas  pressure. )  The  attachment  rate 
constant  for  the  thermal  energy  electron  is  higher  than  the 
higher  energy  one.  The  electron  attachment  process  is  dis¬ 
cussed  below. 

When  SOCK  is  excited  by  photons  or  electrons,  it  may 
be  dissociated  into  the  following  products: 

SOCK  — CK  4-  SO  (1) 

-  Cl  +  SOCI  (2) 


-2C1  +  SO.  (3) 

The  thresholds  for  these  processes  can  be  determined  from 
their  dissociation  energies.  The  dissociation  energy  for 
Z)(Cl-SOCl)  was  calculated  by  Sanderson14  to  be  2.86  eV. 
The  dissociation  energy  for  D(  SO-2C1)  is  4.70  eV.1’  Using 
O(Cl-Cl)  =  2.52  eV,15  the  dissociation  energy  for  D( SO¬ 
CK)  is  2.18  eV. 

The  thermochemical  energies  for  the  electron  dissocia¬ 
tive  attachment  processes  of  SOCK  can  be  calculated  from 
the  dissociation  energies  as  follows: 


-SO 

'  +  2C1  -  3.6eV 

(4) 

-so 

-  +CK  -  1.1 

(5) 

-Cl  - 

+  Cl  4-  SO  -  1.0 

(6) 

-CK 

4-  SO  +  0.0 

(7) 

-Cl 

+  SOCI  4  0.8. 

(8) 

The  electron  affinities1’  of  Cl,  SO,  and  CK  used  in  the  calcu¬ 
lation  are  3.67,  1.1,  and  2.2  eV,  respectively.  The  calculated 
energy  thresholds  for  all  these  possible  dissociation  pro¬ 


cesses  and  dissociative  attachment  processes  of  SOCK  are 
shown  in  Fig.  6. 

The  energy  threshold  of  SOC1  tCK  is  about  0.8  eV 
below  the  ground  state  energy  of  SOCK,  indicating  that  the 
electron  dissociative  attachment  could  occur  at  thermal  en¬ 
ergy.  This  explains  our  observation  that  the  electron  attach¬ 
ment  at  low  electron  energy  is  a  two-body  dissociative  pro¬ 
cess  with  a  high  attachment  rate  constant.  The  CK  —  SO 
process  also  requires  no  electron  energy  to  occur,  except  for 
the  possible  potential  barrier.  Since  process  (8)  has  high 
exothermic  energy  and  the  electron  energy  in  the  buffer  gas 
of  CH4  or  N2  is  low,  process  (8)  is  probably  the  main  elec¬ 
tron  attachment  process  occurring  in  the  SOCK-CH4  and 
SOCK-N,  mixtures.  A  similar  case  was  observed  in  the  CK- 
N:  mixture  by  McCorkle  el  a/..'1'  where  the  electron  disso¬ 
ciative  attachment  rate  constant  has  a  maximum  of  about 
0.07  eV  and  decreases  with  increasing  mean  electron  energy. 

The  electron  attachment  rate  constants  of  SOCK  in¬ 
crease  when  (f)  >  1  eV  as  shown  in  Fig.  5.  This  increase  is 
probably  caused  by  the  dissociative  attachment  processes 
( 4 )— ( 6 ) .  Processes  (7)  and  (8)  are  responsible  for  the  at¬ 
tachment  at  the  thermal  energy  and  they  will  be  less  impor¬ 
tant  at  the  high  electron  energy.  This  is  evidenced  by  the  fact 
that  the  thermal  electron  peak  rapidly  decreases  with  in¬ 
creasing  electron  energy.  Because  the  energy  thresholds  for 
processes  ( 5 )  and  ( 6 )  are  about  1  eV  above  the  ground  state 
of  SOCK,  these  processes  are  likely  responsible  for  the  elec¬ 
tron  attachment  at  electron  energy  higher  than  1  eV.  For 
electron  energy  higher  than  3.6  eV.  process  (4)  will  provide 
an  additional  attachment  channel  to  enhance  the  attach¬ 
ment  rate.  For  electron  energy  higher  than  4.8  eV,  the  at¬ 
tachment  rate  constant  starts  to  decrease;  this  may  be  caused 
by  the  electron  energy  moving  away  from  the  energy  range 
where  the  attachment  processes  are  available.  The  next  high 
•energy  process  is  CK  +  S  +  O  whose  energy  threshold  is 
5.3  eV,  where  D{  S-O)  =  5.34  eV15  is  used  to  determine  the 
threshold.  This  high  energy  process  may  have  a  small  elec¬ 
tron  attachment  rate,  because  the  attachment  rate  constant 
at  the  energy  higher  than  5.3  eV  is  small. 

V.  CONCLUSION 

Electron  attachment  rate  constants  of  SOCK  in  Ar,  N;. 
and  CH4  were  measured  at  various  £/.V  (or  mean  electron 
energy ) .  The  electron  attachment  rate  constant  has  a  maxi¬ 
mum  at  the  thermal  energy  and  a  second  maximum  peak 
around  4.5  eV.  The  dissociative  attachment  processes  of 
Cl~  +  SOCI  and  CK  +  SO  are  likely  to  be  the  dominant 
processes  for  low  energy  electrons.  For  high  energy  elec¬ 
trons,  the  dissociative  attachment  processes  of 
Cl"  +  Cl  +  SO,  SO  '  +  CK,  and  2C1  +  SO  become  im¬ 
portant. 
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The  electron-attachment  rate  constants  of  CH,C1,  C,H,C1,  and  C,H,C1  in  N,  and  Ar  were 
measured  as  a  function  of  reduced  electric  field  (E /N).  These  data  and  the  previous  data  of 
SOCK  and  CCKF,  were  converted  to  the  electron-attachment  cross  sections  as  a  function  of 
electron  energy.  The  present  results  are  compared  with  existing  fragmentary  data.  The 
dissociative  electron-attachment  processes  of  the  studied  molecules  are  discussed. 


I.  INTRODUCTION 

Dissociative  electron  attachment  to  chlorine-containing 
molecules  in  gas  discharges  is  of  importance  for  many  appli¬ 
cations.  such  as  excimer  (XeCl)  lasers,'  plasma  etching.’ 
ionospheric  chemistry.  '  gaseous  dielectrics,4  and  optically 
controlled  diffuse  discharge  switches.'*’  Modeling  of  dis¬ 
charges  requires  a  large  number  of  parameters,  and  data  for 
the  most  important  processes  are  lacking.  Electron  attach¬ 
ment  data  are  needed  for  the  study  of  dissociation  processes, 
space  charge,  and  field  distribution  as  well  as  electron  kinet¬ 
ics  leading  to  gas  breakdown  and  discharge  formation. 

The  experimental  data  for  the  electron  attachment  rate 
constants  of  CH  ,CI  (  methylchlorule),  C:H,C1  (ethylchlori- 
de )  .and  C  1 1  ,CI  ( v  inylchloride )  diluted  in  argon  and/or  ni- 
trogen  are  presented  in  this  paper.  1  hese  data  and  previously 
published  data  of  SOCK  (Ref.  8)  and  CCKF,  (Ref.  9)  are 
converted  to  the  absolute  values  of  low-energy-electron-at¬ 
tachment  cross  sections.  The  electron  attachment  data  of 
chlorine-containing  molecules  are  scarce,  and  data  that  are 
available  are  in  serious  disagreement."’ 

In  the  case  of  bromine  containingmolecules,"  12  the 
measured  electron  attachment  rate  constants  of  CH,C1  and 
C,H.C1  are  scattered  over  several  orders  of  magnitude. 1 ' 14 
The  most  detailed  study  was  performed  by  Schultes  etal. 1 1 14 
using  an  electron  cyclotron  resonance  technique  to  deter¬ 
mine  the  thermal-eicctron-attachment  rate  constants.  They 
measured  the  rate  constant  for  C_.H,C1,  but  only  gave  the 
upper  limit  values  for  CH,C1  and  C,H,C1.  Rossi  etal.''  mea¬ 
sured  the  electron-attachment  rate  constants  of  C,H,C1  di¬ 
luted  in  He.  The  electron-attachment  rate  increases  dramati¬ 
cally,  when  C  H.C1  is  photodissociated  by  excimer  laser 
photons  to  produce  the  highly  excited  HC1  molecule. This 
phenomenon  was  applied  to  develop  a  fast  diffuse  discharge 
opening  switch  by  Kobayashi  et  alf  Chantry  and  Chen16 
measured  the  electron  attachment  cross  section  of  this  mole¬ 
cule  as  a  function  of  temperature  by  a  beam  technique.  The 
cross  section  increases  dramatically  at  low  electron  energy 
when  the  temperature  is  increased.16 

A  large  number  of  data  exists  for  electron  attachment  to 
CCKF-.  McCorkle  et  al. 1 7  determined  the  cross  section  from 
unfolding  the  attachment  rate  constants  of  CCKF,  in  N,  up 
to  1  eV.  Pejcev  et  al."  measured  both  ionization  and  attach- 
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ment  cross  sections  in  an  electron  beam  experiment.  They 
found  a  nonzero  cross  section  at  zero  energy.  This  disagrees 
with  the  findings  of  Illenberger  et  al.'''  and  Novak  and  Fre¬ 
chette2"21  who  analyzed  the  electron  transport  coefficients 
in  pure  CCKF,  and  in  mixtures.  A  similar  analysis  was  per¬ 
formed  by  Okabe  and  Kuono,22  2  '  who  found  that  the  elec¬ 
tron  attachment  cross  section  of  Pejcev  et  al."  was  consis¬ 
tent  with  their  experimental  results,  even  though  the 
ionization  cross  sections  measured  by  the  same  apparatus 
was  too  large  by  a  factor  of  10.  It  may  be  concluded  that  the 
order  of  magnitude  for  the  cross  section  of  CCKF,  has  been 
established,  but  a  serious  discrepancy  exists  for  the  energy 
dependence.  The  electron  attachment  rate  constants  for 
CCKF,  in  Ar  and  N,  were  measured  by  Wang  and  Lee.'1  and 
their  data  are  converted  into  cross  sections  here. 

It  has  been  suggested  that  discharge  switching  can  be 
achieved  in  CCKF,  and  CH,CI  (  Ref.  9)  as  well  as  in  SOCK 
(Ref.  24)  by  photodetachment  of  electrons  from  Cl  ions 
induced  by  excimer  laser  photons.  The  published  electron- 
attachment  rate  constants’1  for  SOCK  in  Ar  and  N,  are  con¬ 
verted  to  electron  attachment  cross  sections  in  the  present 
analysis.  No  other  data  are  available  for  comparison. 

II.  EXPERIMENTAL 

The  experimental  setup  has  been  described  in  previous 
papers." 11 2,26  Two  parallel,  flat,  stainless  steel  electrodes  (5 
cm  in  diameter)  were  placed  2.5  cm  apart  inside  a  15  cm  i.d. 
vacuum  chamber  (a  six-way  black  anodized  aluminum 
cross).  The  initial  electrons  were  produced  by  irradiating 
the  uncoated  cathode  surface  with  a  KrF  excimer  laser  beam 
at  248  nm  (5  eV).  The  beam  diameter  was  reduced  by  a  3 
mm  aperture  to  make  sure  that  the  electron  swarm  did  not 
extend  outside  the  region  of  the  homogeneous  field.  The  la¬ 
ser  pulse  duration  was  about  10  ns,  which  was  significantly 
shorter  than  the  transit  time  of  the  electrons.  The  laser  was 
operated  at  5  Hz. 

This  experiment  belongs  to  the  class  of  pulsed  Town¬ 
send  experiments.27  The  cathode  is  connected  to  a  high  nega¬ 
tive  voltage,  while  the  anode  is  connected  to  ground  through 
a  resistor.  A  low  value  resistor  ( 1000  ft)  is  selected  so  that 
resistance-capacitance  (RC)  will  be  lower  than  the  transit 
time  and  F(  t)  will  be  proportional  to  the  displacement  cur¬ 
rent  between  the  electrodes.  Transient  voltage  waveforms 
were  monitored  by  a  150  MHz  digital  storage  oscilloscope 
(Tektronix  2430).  An  average  waveform  of  at  least  100 
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pulses  was  acquisitioned  by  a  microcomputer  for  subsequent 
analysis. 

The  purities  of  buffer  gases  N2  and  Ar  (MG  Scientific) 
were  better  than  99.999%  and  99.998%,  respectively.  At¬ 
taching  gases  (research  grade)  were  purchased  from  Mathe- 
son  and  diluted  by  premixing  (5000  ppm  C2HjC1  in  Ar)  or 
by  mixing  through  the  calibrated  flow  meters.  The  gasses 
were  used  as  delivered.  Uncertainty  of  the  mixture  composi¬ 
tion  was  anticipated  to  be  less  than  3%.  Gas  pressure  was 
determined  by  a  calibrated  capacitance  manometer  (MFCS 
Baratron),  and  the  uncertainty  of  the  gas  number  density  is 
believed  not  to  exceed  ±  0.5%.  All  measurements  were  per¬ 
formed  at  room  temperature  (295  +  2  K). 

Typical  voltage  waveforms  are  shown  in  Fig.  1  of  Ref.  8. 
and  therefore  further  explanations  will  not  be  given.  Our 
method  of  measuring  attachment  rate  constants  is  to  com¬ 
pare  the  voltage  waveforms  (obtained  under  identical  condi¬ 
tions)  in  pure  buffer  gas  and  in  buffer  gas  mixed  with  a  small 
amount  of  attaching  gas.23'26  '8  The  procedure  for  data  ac¬ 
quisition  and  analysis  has  been  described  in  previous  pa¬ 
pers.25,26  In  order  to  avoid  the  errors  that  could  be  caused  by 
the  influence  of  the  added  attaching  gas  on  drift  velocity, 2“ 
the  attachment  rate  is  determined  from  the  ratio  of  electron 
densities  at  the  same  position  between  the  electrodes  (i.e., 
normalized  by  the  electron  transit  time).26 

III.  EXPERIMENTAL  RESULTS 

To  ensure  that  reliable  data  were  obtained,  all  the  pre¬ 
cautions  as  explained  in  our  previous  papers  were  performed 
(i.e.,  comparison  of  drift  velocities  in  pure  buffer  gases, 
etc.).  When  the  attaching  gas  was  added  to  the  buffer  gas, 
voltage  waveforms  changed  (see  example  in  Fig.  1  of  Ref.  8, 
curves  b  and  c).  A  comparison  of  the  waveforms  gives  the 
attachment  rate  constant  ku,  which  is  the  electron  attach¬ 
ment  rate  normalized  by  the  partial  pressure  of  the  attacher. 
In  order  to  check  whether  or  not  the  electron-energy  distri¬ 
bution  function  (EEDF)  is  affected  by  the  added  attaching 
gas,  measurements  were  performed  at  several  partial  pres¬ 
sures. 

For  gases  with  high  attachment  rate  constants,  small 
concentrations  were  used;  therefore,  the  attaching  gas  did 
not  significantly  influence  the  measured  rate  constants  as 
shown  in  Fig.  1  for  the  C2H,C1  in  N:  and  Ar.  However,  for 
CH,C1  and  C-H,C1  the  attachment  rate  constants  are  small 
and  the  abundance  of  additional  gasses  are  large;  therefore,  a 
pronounced  and  nonlinear  dependence  of  the  measured  rate 
constant  on  the  abundances  of  attaching  gas  was  observed. 
As  an  example,  the  attachment  rate  constants  of  C:H,C1  in 
N,  at  varied  concentrations  and  E/Nare  shown  in  Fig.  2.  In 
those  cases,  the  measurements  were  extended  to  as  low  abun¬ 
dances  as  possible  before  performing  extrapolation  to  zero 
concentration.  The  error  bounds  of  the  rate  constants  are 
estimated  to  be  +  30%  at  the  lowest  E /N  data  in  N2,  while 
the  uncertainty  of  other  data  is  normally  not  greater  than 
±  10%  for  the  high  E  /N  data  in  N2  and  for  the  data  in 
argon. 

With  the  abundances  used  for  the  measurements  of 
CH,C1  and  C,H,C!  in  Ar  and  even  in  N2 ,  the  influence  of 
attaching  gas  on  EEDF  was  large.  These  two  molecules  are 


'  trt 


'o 


(a) 


2Td 


a 

3“  5Td 

^  »**  r-V - 


10Td 


<b) 
3  »- 
2  - 


l.98Td 


0.49Td 


°0  2  4  °Q  2  4 

■C2H3a'  *2;  (to'5)  :c2H3ci;/fAr;  do  5) 


TIG.  1  Dependence  olclocl  ron -au  iiciiiiiciu  rale  constant  ol’C  11  Cion  ii" 
abundance  in  (ji  V  and  (b;  Ar 


moderately  polar,  their  dipole  moments  are  of  the  x„;,te  ol  ¬ 
der  as  that  of  H.O.  Therefore,  they  can  affect  the  momentum 
and  energy  transfer  even  at  the  level  of  1% 12  "  because  their 
cross  sections  for  momentum  transfer  and  rotational  excita¬ 
tion  increase  rapidly  towards  zero  energy.  '*  Their  influence, 
however,  diminishes  rapidly  at  the  higher  energies,  because 
the  inelastic  cross  sections  for  N,  become  sufficiently  large 
to  account  for  the  majority  of  energy  loss  (and  the  same  is 
true  for  momentum  balance).  In  accord  with  this,  the  uncer¬ 
tainty  becomes  high  for  the  data  at  the  lower  E/X  values. 
When  the  abundance  of  an  attaching  gas  was  sufficiently 
high,  the  attachment  rate  was  saturated  at  the  lower  E/N 
values,  indicating  that  the  mean  electron  energy  became 
thermal.  Due  to  uncertainties  inherent  in  the  extrapolation 
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in  Fig.  3  as  a  function  of  E/N.  The  results  for  CH3C1  and 
C;H5C1  obtained  in  N2  are  shown  in  Fig.  4. 

IV.  UNFOLDING  OF  ATTACHMENT  CROSS  SECTIONS 

Electron-energy  distribution  functions  were  calculated 
from  the  Boltzmann  equation  using  a  standard  two  term 
computer  code  that  takes  into  account  the  superelastic  colli¬ 
sions.'2  The  procedure  has  been  described  in  detail  in  our 
paper  on  electron  attachment  to  HC1.:,>  Calculations  were 
performed  in  pure  buffer  gases  to  verify  that  the  compiled 
cross  sections  produce  the  correct  values  of  transport  coeffi¬ 
cients  and  especially  reproduce  the  values  of  electron-at¬ 
tachment  rate  constants.  "  u  Our  measurements  did  not  ex¬ 
tend  to  the  E  /X  region,  w  here  errors  could  be  introduced  by 
the  breakdown  of  the  two  term  approximation  and/or  the 
inadequacy  of  the  definition  of  transport  coefficients.  " 

The  EEDF  values  were  first  calculated  forgiven  values 
of  E  /.V.  As  mentioned  above,  calculated  values  for  the  trans¬ 
port  coefficients  and  mean  electron  energies  were  compared 
with  the  available  data.  It  was  assumed  that  the  EEDF  cor¬ 
responding  to  the  extrapolated  (zero  abundance)  rate  con¬ 
stants  was  the  same  as  for  the  pure  buffer  gas.  The  EEDF 
values  were  stored  in  a  separate  file  which  was  used  by  a 
program  for  automatic  cross  section  fitting  as  proposed  by 
Christophorou  ei  al.  'h 

A  trial  cross  section  was  used  to  calculate  the  attach¬ 
ment  rate  constant  using  the  stored  EEDF  [  ft  (E/X,e) ) 
calculated  for  the  E/X  values  used  in  the  experiment.  All 
subsequent  modifications  of  the  cross  section  were  obtained 
as 


E/N  (Td) 

FIG.  .V  Eleviron  uicichmenl  rate  constanls  of  C.H.Cl  as  a  function  of  the 
reduced  field  strength  (£/.V).  Measured  in  (a)  N.  and  (b)  Ar. 


procedure,  relatively  large  errors  were  assigned  to  the  mea¬ 
sured  rates  of  CH,C1  and  C:H5CI.  The  measurements  of 
these  two  molecules  are  on  the  limit  t  f  the  present  technique. 

Attachment  rate  constants  for  C:H,C1  in  N,  and  Ar  at 
the  extrapolated  zero  abundance  of  attaching  gas  are  shown 
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FIG.  4  Elect  ron-uitachment  rate  constants  measured  in  N:  for  (a)  CH,CI 
and  (b)  C  H,Ci  as  a  function  of  reduced  electric  field. 


tr„  ( e )  =  a„  ,(e) 


llwl(E/N)/l(E/N.e)gl(E/N) 


.(1) 


l/,(E/N,e)g,iE/X) 
where  w.  (E/X)  is  the  ratio  of  the  experimental  and  calculat¬ 
ed  values  of  the  attachment  rate  constant  at  a  given  E/X. 
g,  ( E /X)  is  a  statistical  weight  that  might  be  given  to  experi¬ 
mental  data  ut  the  E/X.  and  the  EEDF  is  normalized  by 


\])(E/N,e)de  =  1.  (2) 

The  exponent  m  is  used  to  speed  up  the  convergence, 
iteration  with  m  larger  than  one  should  be  followed  by  sever¬ 
al  iterations  with  m  =  1  to  prevent  possible  divergence  of  the 
procedure,  as  mentioned  by  Christophorou  and  co- 
workers.  14  ,h  One  should  be  careful  when  applying  this  pro¬ 
cedure  to  correctly  select  the  energy  range.  If  the  range  is  too 
large,  then  a  small  mismatch  between  experimental  and  cal¬ 
culated  data  at  either  end  of  the/?  /N  range  could  lead  to  the 
generation  of  artificial  cross  sections  at  appropriate  ends  of 
the  energy  range.  If  the  range  is  too  small,  then  the  cross 
section  will  be  deformed  in  an  attempt  to  compensate  for  the 
missing  part.  However,  this  method  does  not  suffer  from  the 
difficulties  that  were  encountered  by  attempts  to  devise  an 
■‘automatic"  cross-section  fitting  routine  for  pure  gases, 
because  here  the  EEDF  remains  invariant.  Also,  the  cross 
sections  for  the  buffer  gases  are  well  established,  and  only 
one  cross  section  is  determined  from  a  single  set  of  experi¬ 
mental  data,  thus,  the  results  are  unique.  's  There  is  only  one 
possible  cause  for  the  nonuniqueness  of  the  results  (which  is 
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universal  to  all  swarm  techniques ) ,  that  is,  the  features  of  the 
cross  section  (either  a  sharp  peak  or  minimum)  are  much 
narrower  than  the  EEDF  for  a  corresponding  E  /N  range.  If 
that  is  the  case,  correspondingly  reducing  the  width  and  in¬ 
creasing  the  height  does  not  make  a  difference  in  the  calcu¬ 
lated  attachment  rates. 

The  whole  procedure  for  unfolding  the  cross  sections  is 
applicable  only  when  the  measured  attachment  rate  coeffi¬ 
cients  are  properly  extrapolated  to  the  values  corresponding 
to  pure  buffer  gases.  This  was  the  case  in  our  experiments. 
Thus,  it  is  possible  to  obtain  unique  values  of  attachment 
cross  sections  from  the  data  of  gas  mixtures.  That  is,  the 
mixture  technique  is  suitable  for  the  determination  of  at¬ 
tachment  cross  sections.  The  unfolded  cross  sections  for 
C,H,C1,  CH,C1,  C2H5C1,  SOCK,  and  CCKF:  are  presented 
below. 

V.  DISCUSSION 

A.  C2HjCI 

Electron  attachment  to  C2H3C1  is  dissociative,  and  the 
channel  at  the  lowest  energy  is 

C,H,C1  +e-.C,HJ  +C1-  (3) 

with  a  threshold  at  approximately  0.36  eV  This  value  is 
determined  from  the  dissociation  energy  of  4.03  eV  [as  cal¬ 
culated  from  the  heats  of  formation  for  C:H,C1,  C2H,,  and 
Cl  (5.0,69  +  2,  and  28.992  kcal/mol)  "140]  and  the  electron 
affinity  of  Cl  that  is  3.67  eV.41 

Figure  5(a)  shows  the  attachment  rate  constants  for 
this  molecule  plotted  as  a  function  of  mean  electron  energy. 
Also  shown  are  the  values  calculated  using  the  cross  section 
of  Chantry  and  Chen16  as  well  as  the  values  calculated  from 
the  cross  section  which  is  unfolded  from  the  experimental 
data  using  the  procedure  described  above.  The  data  of  Rossi 
et  al.'i  are  also  shown  in  Fig.  5(a).  Their  data  were  mea¬ 
sured  in  He  buffer  gas,  and  therefore  the  EEDF  is  different 
from  that  in  Ar  or  N, .  Nevertheless,  the  data  agree  reasona¬ 
bly  well. 

The  unfolded  cross  section  is  shown  in  Fig.  5(b),  in 
which  the  data  of  Chantry  and  Chen1'1  are  also  shown  for 
comparison.  The  present  peak  value  is  smaller  by  about  20% 
than  the  values  of  Chantry  and  Chen"1  and  Stricken  et  a  I.*2 
The  half-width  of  the  current-cross  section  curve  is  0.69  eV, 
which  is  larger  than  the  value  of  0.59  eV  measured  by  various 
electron  beam  experiments."’'42 _4<’  The  energy  of  the  present 
unfolded  peak  ( 1.48  eV)  is  higher  than  the  values  measured 
by  the  beam  experiments  that  are  in  the  range  of  1.2-1.35 
eV  is.42  4h  jn  Spjte  tj,ese  differences,  the  agreement 
between  the  current  swarm  and  the  beam  experiments  is  re¬ 
garded  as  reasonably  good.  These  measurements  were  taken 
under  different  experimental  conditions,  but  the  differences 
are  within  experimental  uncertainties. 

B.  CH,  Cl 

Low-energy  electrons  can  induce  dissociative  attach¬ 
ment  to  CH,C1.  The  energy  threshold  for  the  process 

CH,Cl  +  e  — CHj  +  CI  (4) 


MEAN  ELECTRON  ENERGY  (eV) 


FIG  5.  (a)  Electron-attachmem  rate  constant  of  C  H,CI  as  a  function  of 
mean  electron  energy.  Present  experimental  results  are  shown  as  solid  cir¬ 
cles,  and  the  data  of  Rossi,  Helm  and  Lorents  ( Ref  15)  as  triangles.  The 
solid  line  shows  the  best  fit  with  the  cross  section  shown  in  (b).  and  the 
dashed  line  show  s  the  values  calculated  using  the  cross  section  measured  by 
Chantry  and  Chen  (Ref.  16).  (b)  Cross  section  for  dissociative  electron 
attachment  to  C_,  H,C)  as  a  function  of  electron  energy  unfolded  from  the 
data  in  (a).  The  data  of  Chantry  and  Chen  are  plotted  as  the  dashed  line. 


is  —  0.03  eV.  This  threshold  is  determined  from  the  electron 
affinity  of  Cl  and  the  dissociation  energy  of  Z?(CH,~ 
C!)  =  3.637  eV  as  calculated  from  the  heats  of  formation41' 
of  CH ,C1,  CH,,  and  Cl  (  -  83.68,  145.687,  and  121.302 
kJ/mol). 

The  maximum  attachment  rate  constant  of  CH,C1  oc¬ 
curs  at  the  mean  electron  energy  of  0.17  eV  as  shown  in  Fig. 
6(a).  As  in  the  case  of  C:H,C1  where  the  present  peak  ener¬ 
gy  is  higher  than  those  of  the  beam  experiments,  the  unfold¬ 
ed  peak  energy  for  CH,C1  may  be  on  the  high  energy  side. 
Nevertheless,  the  peak  at  nonzero  energy  is  true.  The  elec¬ 
tron-attachment  rate  constant  decreases  when  an  abundance 
of  CH,C1  is  added  to  N, .  This  indicates  that  the  attachment 
rate  constant  at  thermal  electron  energy  is  smaller  than  the 
peak.  The  observed  peak  energy  is  much  smaller  than  the 
potential  barrier  of  0.6  eV  determined  from  the  potential 
curves  given  by  Wentworth  et  al .47  The  attachment  rate  con¬ 
stant  is  in  the  order  of  10  13  cm  Vs  which  corresponds  to  a 
cross  section  smaller  than  10  |Q  enr  as  shown  in  Fig.  6(b). 
Our  data  are  in  the  same  order  of  magnitude  as  the  data  of 
Chu  et  al.**  However,  the  energy  dependence  of  our  data  is 
not  consistent  in  shape  with  the  results  calculated  from  the 
cross  sections  measured  by  Chu  etal. 4*  and  the  predictions  of 
Schultes  et  al.'2  Both  groups  obtained  maximum  at  zero  en¬ 
ergy,  but  the  magnitude  is  different  by  1  order  of  magnitude 
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FIG.  6  (a)  Electron-attachment  rate  constant  of  CH,C1.  A„,  as  a  function 
of  mean  electron  energ>  Experimental  data  are  shown  as  solid  circles,  and 
the  best  fit  with  the  unfolded  cross  section  in  (b)  is  shown  as  the  line  (b) 
Unfolded  cross  section  for  electron  attachment  to  CH.CI  as  a  function  of 
electron  energy 


On  the  other  hand,  the  upper  limit  for  the  electron-attach¬ 
ment  rate  constant  at  thermal  electron  energy  was  deter¬ 
mined4''  to  he  1 .9  •  10  em  '/s  The  low  attachment  rate 
constants  are  close  to  the  limits  that  can  be  observed  by  all 
techniques;  thus,  it  is  difficult  to  measure  them  accurately. 

The  zero  energy  peak  and  its  varied  magnitude  in  differ¬ 
ent  measurements  can  be  explained  by  the  presence  of  a 
small  amount  ofCCI4,  which  is  likely  an  impurity  in  CH,C I. 
CCI,  has  a  peak  at  zero  energy  with  a  cross  section  almost  6 
order  of  magnitude  larger  than  the  observed  peaks  in  CH,C1. 
We  analyzed  the  CH,CI  sample,  and  no  trace  of  CC14  was 
found.  The  sensitivity  for  checking  trace  impurity  was  better 
than  one  part  in  105. 

The  energy  band  width  for  the  electron-attachment 
cross  section  of  CH,C1  is  smaller  than  0.1  eV  as  shown  in 
Fig.  6(b).  This  may  indicate  that  the  repulsive  potential 
curve  leading  to  the  CH,  +  Cl-  products  is  quite  flat  in  the 
Franck-Condon  region.  The  residence  time  of  CH,C1~  in 
the  potential  well  of  CH,C1  may  be  sufficiently  long  so  that 
CH  ,C1  ”  is  autoionized  to  CH  ,CI.  This  explains50  the  present 
observation  that  the  electron-attachment  cross  section  is 
quite  small. 

c.  C2HsCI 

The  thermochemical  energy  threshold  for  the  dissocia¬ 
tive  electron  attachment  process 

C,H,C1  +  e-C:H,  +  Cl  (5) 


ELECTION  ENERGY  (eV) 

FIG.  7.  Same  as  Fig.  6.  but  for  C:H«,Cl. 


is  0. 1 2  eV.  This  value  is  obtained  from  the  electron  affinity  of 
Cl  and  the  dissociation  energy  of  D(CZ  H,-CI)  =  3.789  eV 
as  calculated  from  the  heats  of  formation40  of  C-.H5C1,  C-Hv 
and  Cl  (  -  136.52.  107.5,  and  121.302  kJ/mol). 

Schultes  cl  a/."  reported  that  C:H,C1  has  an  almost 
identical  zero  energy  peak  as  that  of  CH,C I.  This  is  different 
front  the  present  data  that  the  attachment  peak  occurs  at 
about  0. 12  eV  as  shown  in  Fig.  7(a).  Although  our  data  are 
subject  to  large  errors  due  to  extrapolation,  the  observed 
energy  peak  is  consistent  with  the  thermochemical  thresh¬ 
old.  The  dependence  of  the  attachment  rate  constant  on  the 
abundance  of  C,H5C1  (Fig.  2)  indicates  that  the  rate  con¬ 
stant  decreases  rapidly  towards  the  thermal  energy.  The  up¬ 
per  limit  for  the  electron-attachment  rate  constant  at  ther¬ 
mal  electron  energy  was  determined4''  to  be  1.6x10  15 
cm  Vs.  The  electron  attachment  rate  constants  shown  in  Fig. 
7(a)  are  unfolded  to  cross  sections  as  shown  in  Fig  7(b). 

Chrtstophorou  et  a/.-'  have  measured  the  electron-at¬ 
tachment  rate  constants  of  C:H5C!  diluted  in  C:H:  and  N, . 
Their  results  in  nitrogen  are  in  the  same  order  of  magnitude 
as  our  data,  but  the  E  /.V  dependence  is  different.  Neverthe¬ 
less,  they  observed  a  narrow  resonance  peak  at  0.4  eV  in  their 
electron  beam  data  which  is  consistent  with  our  observation 
of  a  resonance  peak  at  low  energy,  A  more  efficient  channel 
for  dissociative  attachment  is  expected  at  energies  higher 
than  7  and  10  eV.M  52 

A  mass  analysis  was  carried  out  to  check  whether  or  not 
our  gas  sample  was  contaminated  by  impurities.  No  trace  of 
CC14  was  found.  All  the  ions  detected  were  from  the  parent 
molecule  or  its  fragments. 
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FIG.  8.  Same  as  Fig.  6.  but  for  SOC1,.  The  k„  values  are  from  Ref.  8 


FIG.  9  Electron-attachment  rate  constant  of  CCI.F,  as  a  function  of  mean 
electron  energy  Experimental  data  from  Ref.  9  are  shown  as  solid  circles 
and  from  Ref  1 7  as  triangles.  Solid  line  ( — )  is  the  best  fit  curve  of  the  data 
of  Wang  and  Lee  ( Ref,  9)  based  on  the  cross  section  shown  in  Fig  10;  the 
dotted-dashed  line  (  -  -)  isthecrosssectionofMcConkle  etal.  (Ref  12); 
dotted-dashed  line  ( -  -)  is  the  cross  section  of  Pejcev,  Kurepa  and  Cadez 

(Ref.  18),  and  the  dotted  line  (  )  is  the  cross  section  of  Ulenberger  er  al 

(Ref.  19)  as  normalized  by  Novak  and  Frechette  (Ref.  20) 


D.  SOCIj 

The  dissociative  electron-attachment  processes  were 
discussed  in  Ref.  8.  The  thermochemical  threshold  for  the 
process 

SOCI,  -+-  e  — SOC1  +  Cl-  (6) 

is  —  0.8  eV.  Several  dissociative  attachment  channels  occur 
at  the  higher  energies."  The  electron-attachment  rate  con¬ 
stants  measured  in  nitrogen  and  argon  indicate  that  there  are 
two  major  processes  below  5  eV,  one  starting  at  zero  energy 
and  the  other  starting  at  about  2  eV  with  a  peak  at  5  eV.  The 
attachment  rate  constants  and  the  unfolded  cross  section  are 
shown  in  Figs.  8(a)  and  8(b),  respectively. 

The  shape  of  the  unfolded  cross  section  is  consistent 
with  the  thermochemical  data.  It  is  likely  that  Cl  is  the 
major  ion  for  the  dissociative  attachment  processes  that  lead 
to  both  peaks."  A  possibility  that  other  ions  (or  excited  chlo¬ 
rine  ions)  may  be  present  is  indicated  in  the  photodetach¬ 
ment  experiment.24  There  are  no  published  data  for  com¬ 
parison  with  the  unfolded  electron-attachment  cross  section. 

E.  CCIjF2 

Possible  dissociative  electron-attachment  processes  for 
CC1:F:  were  discussed  (and  the  sources  of  thermochemical 
data  given)  in  Ref.  9.  The  threshold  for  the  process 

CC1,F,  +-e-CClF:  +Cr 
is  -  0.17  eV. 

The  electron  attachment  rate  constants  of  CC12  F2  as  a 
function  of  mean  electron  energy  measured  by  Wang  and 
Lee9  and  McCorkle  et  al. ' 7  are  shown  in  Fig.  9.  Both  data  are 
in  good  agreement  in  the  overlap  electron  energy  range. 
Even  around  the  mean  electron  energy  of  0.2  eV,  the  results 
are  within  the  combined  error  bounds.  Therefore,  it  is  as¬ 
sumed  that  the  cross  section  of  McCorkle  et  al.'1  would  fit 
our  data  to  within  the  acceptable  error  bounds  in  the  overlap 
range.  When  initiated  either  from  a  constant  cross  section  or 
from  an  arbitrary  cross  section  with  an  energy  dependence 
similar  to  that  of  the  attachment  rate  constant,  or  from  the 
cross  section  of  Pejcev  et  al.,'*  the  achieved  final  forms  are 
the  shapes  shown  in  Fig.  10.  Starting  from  the  cross  section 
of  McCorkle  et  al.,'1  an  improved  fit  is  obtained  after  several 
iterations  while  preserving  the  shape  of  three  peaks.  How¬ 
ever,  after  a  large  number  of  iterations,  the  second  peak  as 
shown  in  the  results  of  McCorkle  et  al.,'1  is  diminishing. 
Both  cross  sections  of  the  two  and  three  peaks  fit  the  elec¬ 
tron-attachment  rate  constants  within  the  experimental  un¬ 
certainties.  Since  there  is  no  clear  indication  of  three  pro¬ 
cesses  in  the  0-2  eV  range,  we  have  selected  the  cross  section 
given  in  Fig.  10  as  the  best  fit  to  our  data.  The  electron  beam 
of  Pejcev  et  al. 18  had  a  resolution  of  0.2  eV,  the  first  narrow 
minimum  in  the  cross  section  was  thus  not  resolved.  There¬ 
fore.  our  unfolded  cross  section  is  roughly  consistent  with 
their  results  in  shape,  but  not  in  magnitude.  These  authors18 
have  quoted  the  unpublished  results  of  Chen  and  Chantry 
who  have  managed  to  resolve  the  cross  section  below  1  eV 
and  have  observed  two  maxima  in  agreement  with  the  shape 
of  our  cross  section. 

Our  results  disagree  with  the  data  of  Ulenberger  et  al.'* 
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ELECTRON  ENERGY  (eV) 

FIG  10.  Cross  sections  for  electron  attachment  to  CCI  F-  as  a  function  of 
electron  energy  The  hcst  fit  to  the  data  of  Ref.  4  is  show  n  as  the  solid  curve 
Other  cinscs  follow  the  notation  of  Fig  9. 


(and  normalized  by  Novak  and  Frechette;")  who  reported 
\ery  low  values  of  cross  sectional  low  energy  as  shown  in  Fig 
10.  The  measured  electron-attachment  rate  constants  at  the 
lowest  £  /.V  ( mean  electron  energy  of  0. 1 1  eV )  is  compara¬ 
ble  to  the  thermal  attachment  rate  measured  by  Smith  el 
ul.."  for  which  the  observed  large  increase  of  the  attachment 
rate  with  temperature  is  probably  caused  by  the  increased 
population  in  the  rotationally  and  vibrationally  excited 
states  and  the  strong  dependence  of  the  cross  section  on  in¬ 
ternal  energy.  Our  electron  attachment  cross  sections  are 
higher  than  the  values  compiled  by  Hayashi.M 

At  energies  above  1 .5  eV,  it  was  impossible  to  determine 
a  unique  cross  section.  It  is  evident  that  the  cross  section  is 
larger  than  that  of  Pejcev  et  a!.'*  or  Illenberger  el  u/.'"  in 
order  to  be  consistent  w  ith  the  electron-attachment  rate  con¬ 
stants  measured  in  pure  argon.  However,  these  data  were  not 
obtained  in  a  range  of  £  AV  wide  enough  to  provide  sufficient 
information  for  a  unique  result.  Therefore,  the  unfolded 
cross  section  depends  on  the  weight  g,  that  is  given  to  the 
experimental  data  at  a  minimum  of  2  eV  and  at  the  range 
end  Because  of  a  rather  large  uncertainty  in  the  experimen¬ 
tal  data,  the  cross  section  presented  here  is  only  one  of  the 
possible  solutions  that  make  the  calculated  attachment  rate 
constants  comparable  with  experimental  data.  This  cross 
section  is  a  compromise  between  preserving  the  general  fea¬ 
tures  of  the  cross  sections  measured  by  beam  methods  and 
the  agreement  with  the  measured  attachment  rate  constants 
(to  within  the  experimental  error  bounds). 


It  is  possible  to  adjust  the  peak  cross  section  to  the  same 
absolute  value  measured  by  Pejcev  el  al.,x*  but,  if  that  were 
the  case  the  cross  section  for  the  high  energy  portion  would 
be  significantly  extended.  Therefore,  the  unfolded  electron- 
attachment  cross  section  at  energies  above  1.5  eV  should  be 
confirmed  by  additional  information  such  as  data  from  pure 
gas  and  other  mixtures  as  well  as  new  results  from  beam 
experiments.  It  should  be  noted  that  the  shape  of  the  unfold¬ 
ed  cross  section  at  high-energy  does  not  affect  that  at  low 
energy  (and  vice  versa).  Since  this  molecule  has  important 
applications  in  atmospheric  chemistry,  gaseous  dielectrics, 
and  plasma  etching,  it  is  of  interest  to  have  more  reliable  data 
for  transport  coefficients  (drift  velocities  and  characteristics 
energies)  in  pure  gas,  because,  quite  often.  CCI-F,  is  used 
pure  or  in  mixtures  of  abundances  that  cannot  be  regarded  as 
small. 

VI.  CONCLUDING  REMARKS 

The  electron-attachment  rate  constants  of  CH,C1, 
C:H5C1,  and  C2H  ,C1  were  measured  as  a  function  of  mean 
electron  energy.  The  cross  sections  were  unfolded  from  the 
experimental  data  of  these  gases  together  with  CC12F2  and 
SOCK  Our  data  are  consistent  with  some  published  results 
for  gases  that  have  relatively  large  attachment  rates.  Some 
controversy,  such  as  the  large  discrepancy  for  the  published 
attachment  cross  sections  of  CC1:F,  at  low  electron  energies, 
may  be  resolved  by  the  present  data.  The  cross  sections  for 
SOC1,  are  new  results.  The  C,H,C1  results  are  in  good  agree¬ 
ment  with  available  swarm  data  as  well  as  electron  beam 
data.  The  CH,C1  and  C,H5C1  results  were  obtained  at  the 
technique  limits  so  that  the  uncertainties  were  high;  but 
since  fragmentary  data  only  are  available,  the  current  data 
are  of  interest.  These  molecules  should  be  studied  further, 
especially  by  beam  techniques. 
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Appendix  G 


LOW  ENERGY  ELECTRON  ATTACHMENT  TO  BC13 
.  '  * 

Z.  Lj .  Petrovic,  W.  C.  Wang,  M.  Suto,  J.  C.  Han,  and  L.  C.  Lee 
Molecular  Engineering  Laboratory 
Department  of  Electrical  and  Computer  Engineering 
San  Diego  State  University 
San  Diego,  CA  92182 

Abstract 

The  rate  constants  of  low-energy-electron  attachment  to  BCl^  diluted  in 
N^  are  measured  as  a  function  of  E/N  at  1-11  Td,  corresponding  to  mean 
electron  energies  at  0. 4-1.0  eV.  The  negative  ions  produced  by  hollow- 
cathode  discharges  of  either  pure  BCl^  or  mixtures  of  BCl^  in  N^  are  mass- 
analyzed  to  identify  the  products  of  electron  attachment  to  BCl^.  Only  Cl 
ion  is  found  in  the  discharge  media,  although  BCl^  is  observed  at  the 
applied  voltage  significantly  lower  than  the  breakdown  voltage.  The  elec¬ 
tron  attachment  processes  of  BCl^  are  discussed. 


*  Permanent  address:  Institute  of  Physics,  University  of  Belgrade, 
P.  0.  Box  57,  11001  Belgrade,  Yugoslavia 
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I .  Introduction 


Electron  attachment  to  electronegative  gases  determines  the  electron 

kinetics  in  gas  discharges:  by  reducing  the  number  and  changing  the  energy 

distribution  function  of  electrons  that  sustain  discharges^,  by  affecting 

the  spatial  distribution  of  electric  field  and  inducing  double  layers  under 
2  3 

certain  conditions  ’  ,  and  by  being  a  major  source  of  radicals  through 

dissociative  attachment.  BCl^  is  a  gas  of  great  importance  for  plasma 

technologies  in  microelectronics  fabrication,  especially  for  etching  of 
4  5 

aluminum.  ’  Therefore,  kinetics  in  discharges  of  BCl^  and  its  mixtures 

2  6-8 

were  studied  extensively  ’  .  However,  apart  from  some  indirect  evidence, 

the  identity  of  negative  ions  in  BCl^  discharges  were  not  established.  The 

swarm  or  beam  data  for  electron  attachment  to  BCl^  are  only  fragmentary, 

g 

Stockdale  et  al .  measured  the  thermal  electron  attachment  rate  constants  of 
-9  3 

2.7  x  10  cm  /s  by  a  drift-dwell -drift  technique,  and  observed  the  excita¬ 
tion  function  of  dissociative  electron  attachment  by  a  beam  experiment  that 
shows  a  peak  at  1.1  eV.  On  the  other  hand,  Buchel ' nikova^  measured  the 

cross  section  for  the  same  process  with  an  absolute  peak  value  of  2.8  x 
-17  2 

10  cm  at  0.4  eV.  The  magnitude  of  the  electron  attachment  rate  could  be 
indirectly  estimated  from  the  modeling  of  the  discharge  data  of  Ar-BCl^ 
mixtures^ . 

It  is  evident  that  the  availability  of  the  data  for  BCl^  is  inversely 
proportional  to  its  importance.  The  reason  for  the  lack  of  data  is  that 
BCl^  is  highly  reactive  and  consequently  difficult  to  handle  for  accurate 
measurements.  In  this  paper,  we  present  the  electron  attachment  rate 
constants  for  BCl^  diluted  in  Nj .  We  also  present  the  results  for  mass 
spectrometric  studies  of  discharges  of  BCl^  in  N^.  The  negative  ions 
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observed  in  discharge  media  provide  useful  information  for  the  understanding 
of  electron  attachment  processes  of  BCl^. 

II.  Experimental 

An  apparatus  previously  used  in  our  laboratory  for  e  <-  :tron  attachment 
rate  measurements ^  was  significantly  modified  for  this  experiment.  The 
modified  apparatus  shown  in  Fig.  1,  is  a  stainless  steel  chamber  with  three 
sections:  the  first  section  (5"  OD)  that  is  pumped  by  a  mechanical  pump  is 

for  discharge,  the  second  section  (6"  OD)  that  is  pumped  by  a  diffusion  pump 
(Varian,  VHS-6)  is  for  differential  pumping,  and  the  third  section  (4"  OD), 
pumped  by  a  turbomolecular  pump  (Varian  Turbo  V-450),  is  for  the  housing  of 
a  quadrupole  mass  analyzer  (Extrel). 

The  apparatus  operated  in  two  modes.  In  mode  one,  the  first  and  the 
second  chambers  were  isolated,  and  the  discharge  chamber  was  filled  to  a 
relatively  high  pressure  (100-400  Torr).  This  experiment  is  similar  to  the 
one  described  in  our  previous  papers^.  An  excimer  laser  (Lumonics)  was 
used  to  produce  pulsed  electron  swarms  by  irradiation  of  the  cathode. 
Conduction  current  induced  by  electrons  moving  between  electrodes  was 
measured  by  the  voltage  drop  across  a  resistor  of  1  Kft.  The  transient 
voltage  waveforms  were  recorded  by  a  digital  oscilloscope  (Tektronix  2430) 
and  stored  in  a  computer.  In  mode  two,  the  first  and  second  chambers  were 
connected  through  a  skimmer  hole  of  0.7  mm  ID.  In  order  to  keep  the  pres¬ 
sure  in  the  mass  analyzer  chamber  sufficiently  low  (<  10  ^  Torr),  the 
discharge  chamber  could  only  be  filled  to  1  Torr.  The  self -sustained  DC 
discharge  was  formed  between  two  hollow  electrodes  of  1  cm  OD.  (Parallel 
plate  geometry  was  also  used  for  some  test  measurements . )  The  space  between 
the  two  electrodes  was  adjustable.  Both  positive  and  negative  ions  produced 
in  discharges  were  sampled  and  mass  analyzed. 
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For  the  measurement  of  electron  attachment  rates,  gas  mixtures  of  BCl^ 
in  were  prepared  in  a  separate  stainless  steel  container.  The  container 
was  filled  first  with  BCl^,  and  after  the  container  walls  were  saturated  it 
was  then  filled  with  the  buffer  gas  .  The  volume  of  the  connection  tubing 
was  considerably  smaller  than  the  volume  of  the  mixing  container.  The 
initial  pressure  of  the  gas  mixture  was  1500  Torr,  and  a  time  of  20  hours 
was  allowed  for  the  mixing.  (Mixtures  were  mixed  in  periods  between  16  and 
64  hours  and  no  differences  were  observed.)  Commercial  gas  mixtures  were 
not  used,  because  the  manufacturers  refused  to  guarantee  the  composition  of 
their  mixtures. 

Measurements  were  carried  out  in  a  flow  system  of  540  seem  for  200 
Torr.  At  the  beginning  of  the  experiment,  the  pure  buffer  gas  was  allowed 
to  flow,  and  the  voltage  waveforms  induced  by  laser  irradiation  of  the 
cathode  were  recorded  (see  Ref.  11  for  the  more  detailed  description  of  the 
experimental  procedure).  The  BCl^  in  mixture  was  then  added  to  the  flow. 
Typically,  2-15  seem  of  mixture  was  added  that  was  measured  and  controlled 
by  a  MKS  flow  controller.  Sufficient  time  was  normally  allowed  to  saturate 
the  walls  of  the  tubing  and  the  chamber  before  the  measurements  commenced. 
Following  this  procedure,  mixtures  could  be  made  with  the  abundance  of  BCl^ 
between  0.1%  and  0.5%.  The  experimental  results  were  reproducible  If  this 
procedure  was  followed  carefully.  The  reproducibility  of  the  BCl^  gas 
density  was  the  major  source  of  uncertainty.  For  the  mass  analysis  of  the 
negative  ions,  both  pure  BGl^  and  gas  mixtures  of  about  0.5%  BCl^  in  were 
used  for  discharges.  The  ion  density  was  measured  as  a  function  of  dis¬ 
charge  current  and  gas  pressure. 

The  BCl^  gas  was  supplied  by  Matheson  with  a  stated  purity  of  99.9% 
minimum.  The  gas  sample  was  analyzed  by  the  mass  spectrometer  in  this 
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experiment.  Trace  amounts  of  Cl^  and  BFCl^  were  observed  in  the  mass 
spectrum,  but  the  total  impurity  concentration  was  estimated  to  be  smaller 
than  0.1%. 

III.  Results  and  Discussion 
A.  Electron  Attachment  Rate  Constants 

At  each  E/N,  the  electron  attachment  rate  constants  were  measured  at 

several  BCl^  concentrations  for  the  gas  mixtures  of  BCl^  in  N^  .  The  data 

extrapolated  to  the  zero  BCl^  abundance  are  shown  in  Fig.  2  for  the  E/N  in 

- 17  2 

the  range  of  1-11  Td  (1  Td  -  10  V  cm  ) ,  corresponding  to  mean  electron 
energy  in  the  0.4-1  eV  range.  Measurements  at  E/N  lower  than  1  Td  were 
difficult  because  of  low  signals  and  the  need  to  use  more  diluted  mixtures 
which  caused  poor  reproducibility.  Nevertheless,  it  is  evident  that  the 
trend  of  increase  towards  low  E/N  does  not  continue  below  the  data  points 
presented  in  Fig.  2.  The  experimental  uncertainty  was  estimated  to  be 
within  30%  of  the  given  value.  The  uncertainty  contains:  (1)  geometric 
distribution,  E/N  determination  and  pressure  measurement,  <  2%,  (2)  waveform 
determination,  <1%,  (3)  statistical  fluctuations  of  the  measured  rates,  < 
5-7%,  extrapolation  to  zero  abundance,  <  5-10%,  and  (4)  uncertainty  in  gas 
mixture  composition,  <  10%.  We  have  set  the  overall  uncertainty  to  be 
higher  than  the  estimated  value,  because  of  the  difficulty  inherent  in 
handling  the  BCl^  gas. 

The  strong  dependence  of  the  attachment  rate  constant  on  E/N  suggests 

that  the  attachment  be  a  three -body  process  with  a  peak  at  low  energy.  As 

12  13 

determined  by  thermochemical  data  and  the  electron  affinity  of  Cl,  the 
threshold  for  the  dissociative  attachment  process  of  e  +  BCl^  -+  BCl^  +  Cl" 
is  about  1.0  eV.  This  threshold  is  above  the  electron  energy  range  studied 
in  this  experiment.  Therefore,  BCl^  is  the  only  ion  possibly  produced  at 
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low  energy  electron  attachment.  (BCl^  was  in  fact  observed  in  the  low 

pressure  experiment  described  in  the  next  section).  This  result  is  consis- 

6 

tent  with  the  conclusion  of  Gottscho  and  co-worker  who  attribute  BCl^  as 

the  dominant  negative  ions  observed  in  the  RF  discharge  of  pure  BCl^ . 

Nevertheless,  our  measured  attachment  rate  constants  are  not  significantly 

dependent  on  gas  pressures  in  100-400  Torr;  that  is,  the  attachment  is 

like  a  two-body  process.  Our  observation  is,  in  fact,  consistent  with  the 

9 

earlier  observation  that  the  thermal  electron  attachment  rate  constant  was 
not  dependent  on  the  gas  pressures  at  5-15  Torr.  The  negative  ions  in  these 
measurements  was  not  mass-analyzed,  because  the  gas  pressures  were  very 
high. 

We  have  also  performed  measurements  for  the  BCl^  -Ar  mixtures.  Unfor¬ 
tunately,  the  results  were  not  as  reproducible  as  the  data  for  N^ .  The 
basic  difficulty  was  that  the  extrapolation  to  zero  BCl^  abundances  could 
not  be  easily  performed  because  the  measurements  could  not  be  extended  to 
sufficiently  low  abundances,  because  the  influence  of  the  attaching  gas  on 
the  electron  drift  velocity  in  Ar  was  large  in  the  most  interesting  range. 
However,  the  crude  experimental  results  indicate  that  the  attachment  rate 
constants  increase  in  the  mean  electron  energy  range  of  1.5 -2. 5  eV. 

The  electron  attachment  rate  constants  converted  from  the  cross  sec¬ 
tions  of  Buchel  'nikova^  are  shown  in  Fig.  2  for  comparison.  The  calcula- 

'  11 

tion  method  was  described  in  a  previous  paper  by  Petrovic  et  al .  Our 
results  agree  with  the  calculated  values  in  the  order  of  magnitude,  but  the 
E/N  dependence  is  different.  The  agreement  is  only  accidental  because  the 
attachment  mechanism  is  quite  different;  that  is,  these  results  cannot  be 
regarded  as  in  agreement.  However,  our  measurements  at  low  E/N  agrees  with 
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Q 

the  thermal  electron  attachment  rate  constant  measured  by  Stockdale  et  al . 
as  shown  in  Fig.  2. 

The  measured  attachment  rate  constants  are  too  large  to  be  affected  by 
the  possible  impurities,  such  as  Cl^.  The  impurity  level  of  Cl^  was  deter¬ 
mined  to  be  less  than  0.1%  that  will  contribute  to  the  electron  attachment 

-12  3 

rate  constant  at  most  2  x  10  cm  /s ,  in  considering  that  the  maximum  rate 

constant  of  Cl^  is  only  2  x  10"9  cm^/s  at  0.06  eV14.  The  other  possible 

impurity,  BFCl^,  may  have  electron  attachment  rate  constant  similar  to  BCl^ 

so  that  the  small  impurity  level  does  not  cause  significant  effect.  Some 

molecules  such  as  SF.  and  CC1.  could  cause  similar  attachment  coefficient  if 

6  4 

they  present  on  1%  level.  We  have  carefully  scanned  the  mass  spectrum  up  to 
the  mass  number  of  190,  but  such  impurities  were  not  detected. 

B.  Negative  Ions  in  Discharges  of  BCl^ 

The  negative  ions  produced  by  discharges  were  observed  for  the  product 
analysis  of  electron  attachment  to  BCl^.  Initial  studies  of  negative  ions 
presented  in  discharges  were  carried  out  in  a  parallel  plane  geometry  with 
either  pure  BCl^  or  its  mixture  withN^.  Later,  most  measurements  were 
performed  with  hollow-cathode  discharges  using  diluted  mixtures  (0.5%  BCl^ 
in  In  all  cases,  only  Cl  ions  were  found  as  shown  in  Fig.  3(a).  In 

DC  discharges,  the  mean  electron  energy  may  be  too  high  to  enable  the 
production  of  BCl^  ,  in  contrast  to  the  bulk  of  RF  plasmas^  where  thermal 
energy  electrons  exist  for  the  production^  of  BCl^" ■  When  the  applied 
voltage  was  lowered  below  breakdown  voltage  (for  instance,  120  V)  and 
photoelectrons  were  produced  by  irradiation  of  the  cathode  with  ArF  laser 
photons,  BC1 ^ '  ions  were  observed  in  the  gas  mixture  of  trace  BCl^  in  0.66 
torr  .  This  observation  indicates  that  BCl^"  can  be  produced  by  attach¬ 
ment  of  low  energy  electrons  to  BCl^  and  survive  for  sufficiently  long  time 
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such  that  it  can  be  detected  either  by  our  mass  analyzer  or  to  affect  the 
current  waveform.  One  should,  however,  keep  in  mind  that  for  such  condi¬ 
tions  BCl^  signal  would  be  very  small  (as  observed  by  us  that  is  about  10% 
of  Cl  ) ,  because  the  mean  electron  energy  is  so  high  that  it  favors  the 
dissociative  attachment. 

The  Cl  ion  intensity  was  measured  as  a  function  of  the  discharge 
current  and  the  pressure.  The  ion  intensity  has  a  peak  between  2  and  3  mA 
of  discharge  current  as  shown  in  Fig.  3(b),  where  the  electrode  space  was 
fixed  at  2  cm,  the  gas  pressure  was  0.6  Torr,  and  the  discharge  current  was 
varied  by  adjusting  the  applied  voltage  (784  V  at  the  maximum  Cl  inten¬ 
sity).  For  a  fixed  discharge  current  of  2  mA,  the  ion  intensity  had  a 
rather  sharp  maximum  at  400  mTorr  as  shown  in  Fig.  3(c),  where  the  electron 
space  was  2  cm,  and  the  applied  voltage  was  784  V. 

The  observed  Cl  ions  are  produced  by  the  electron  dissociative  attach¬ 
ment  process  that  has  a  sharp  peak  at  the  energy  of  about  1  eV  as  observed 

9 

by  Stockdale  ec  al .  .  This  basic  result  implies  that  in  our  measurements, 
the  mean  electron  energies  are  varied  along  with  the  changes  of  discharge 
current  and  gas  pressure,  and  the  maximum  Cl  ion  intensity  corresponds  to 
the  mean  electron  energy  in  a  discharge  medium  of  about  1  eV.  The  phenomena 
could  be  described  by  the  electron  energy  distribution  function  which  is, 
however,  quite  complicated  for  the  hollow-cathode  discharges.  In  general, 
there  are  two  groups  of  electrons^  in  a  discharge  medium:  one  group  con¬ 
sists  of  the  initial  electrons  that  are  accelerated  in  inhomogeneous  but 
very  high  electric  field  and  practically  have  a  beam-like  behavior^,  and 
the  second  group  consists  of  inelastically  scattered  and  secondary  electrons 

which  have  low  energies.  Relative  magnitudes  of  the  two  groups  are  strongly 

16  18- 20 

dependent  on  the  discharge  conditions.  Monte  Carlo  simulations  ’ 
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indicate  that  at  these  pressures  the  initial  electrons  are  the  dominant 
group.  A  sharp  peak  in  the  pressure  dependence  probably  indicates  the  shape 
of  the  dissociative  cross  section,  although  the  correspondence  between  the 
mean  electron  energy  and  the  E/N  value  (or  the  available  energy  for  run-away 
electrons)  in  the  discharge  could  be  very  nonlinear.  Current  dependence  of 
the  ion  intensity  is  less  sharp;  but  since  the  current -voltage  dependence  is 
not  linear,  it  is  not  inconsistent  with  the  proposed  picture.  However,  the 
low  ion  signals  at  high  currents  may  also  be  possibly  due  to  the  influence 
of  space  charge  force  among  electrons,  negative  and  positive  ions  in  the 
bulk  of  discharge. 

In  order  to  establish  that  negative  ions  are  originated  from  the 

discharge,  but  not  by  electron  impact  on  BCl^  in  the  transition  region  to 

21 

the  mass  analyzer,  we  have  performed  the  following  experiment  .  Excimer 
laser  light  was  used  to  irradiate  the  region  between  the  electrodes.  As  a 
consequence,  negative  ion  signal  was  significantly  reduced.  The  delay 
between  the  laser  light  pulse  and  the  reduction  of  the  negative  ion  signal 
was  of  the  order  of  tens  of  microseconds.  The  effect  depends  on  the  laser 
beam  position  between  the  electrodes.  The  detailed  results  will  be  present¬ 
ed  in  a  later  publication.  The  decrease  of  negative  ions  following  laser 
irradiation  demonstrates  that  the  observed  negative  ions  were  produced  in 
the  discharge  media,  but  not  in  the  transition  region,  because  the  ion 
signal  did  not  increase  by  the  laser  photoelectrons. 

IV.  Concluding  Remarks 

The  electron  attachment  rate  constants  increase  toward  the  low  E/N, 
indicating  that  the  attachment  is  due  to  a  three-body  process.  This  is 
consistent  with  the  observations  of  photodetachment  thresholds  that  BCl^"  is 
the  dominant  negative  ion  in  RF  discharges^.  However,  the  measured  attach- 
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ment  rate  constant  is  not  significantly  dependent  on  the  buffer  gas  pres¬ 
sure,  suggesting  that  the  attachment  is  apparently  like  a  two-body  process. 

9 

This  observation  is  in  agreement  with  a  previous  observation  that  the 
thermal  electron  attachment  rate  constant  is  not  dependent  on  total  gas 
pressure.  At  high  pressures,  it  is  possible  that  the  mean  time  between 
collisions  is  sufficiently  shorter  than  the  autodetachment  time,  thus 
practically  every  excited  negative  ion  is  stabilized  in  the  first  step  of 
attachment.  At  much  lower  pressures  this  might  not  be  the  case,  and  even 
more  so  in  the  low  pressure  region  of  the  mass  analyzer;  for  these  cases, 
the  BCl-j  ions  could  be  lost  due  to  autodetachment.  However,  the  BCl^  ion 
was  observed  by  attachment  of  low  energy  electrons  to  BCl^,  although  the 
BCl^  signal  was.  much  smaller  than  Cl  . 

9 

It  is  worth  noting  that  Stockdale  and  co-workers  observed  a  peak 

attachment  for  the  two-body  process  of  e  +  BCl^  -*  BCl^  +  Cl  at  1.1  eV, 

while  at  the  same  time  they  observed  a  relatively  high  thermal  electron 

attachment  rate  constant.  This  observation  is  consistent  with  the  assertion 

that  the  electron  attachment  is  due  to  the  three -body  process  at  low  energy, 

and  Cl  is  produced  by  the  two-body  process  at  high  electron  energy.  Our 

results  are  also  consistent  with  this  assertion  that  the  electron  attachment 

rate  constants  shown  in  Fig.  2  are  mainly  due  to  the  three-body  process,  and 

the  Cl  ions  observed  in  discharges  are  due  to  the  two-body  process. 

22 

The  unpublished  results  of  Dr.  J.  K.  Olthoff  confirm  the  existence  of 
BC1 ^  ions.  This  author  has  also  observed  that  attachment  for  BCl^  mole¬ 
cules  peaks  close  to  zero  energy  (both  in  the  intensity  of  negative  ion 

current  and  through  the  broadening  of  the  zero  energy  peak  of  the  electron 

23 

transmission  spectrum  ).  The  level  of  impurities  in  his  experiment  is 
uncertain.  From  some  theoretical  considerations  and  the  characteristics  of 
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his  apparatus,  the  lifetime  of  the  metastable  BCl^  ion  was  estimated  to  be 
60  ns  which  is  consistent  with  our  data. 
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Fig.  1 
Fig.  2 


Fig.  3 


Figure  Captions 

Schematic  diagram  of  the  experimental  apparatus. 

Electron  attachment  rate  constants  of  BCl^  in  as  a  function  of 
E/N.  Present  data  are  shown  as  dots  and  are  connected  by  lines 
for  eye -guide.  The  results  calculated  from  the  cross  section  of 
Buchel 'nikova  (Ref.  10)  are  shown  as  triangles,  and  the  thermal 
electron  attachment  rate  constant  of  Stockdale  et  al .  (Ref.  9)  is 
shown  as  a  rectangle. 

Cl  ions  observed  in  hollow-cathode  DC  discharges.  (a)  Mass 
spectrum  of  negative  ions  present  in  the  discharges  of  gas  mix¬ 
tures  of  0.5%  BCl^  in  .  (b)  Dependence  of  the  Cl  ion  intensity 


on  the  discharge  current  at  a  total  pressure  of  585  mTorr.  (c) 
Dependence  of  the  Cl  ion  intensity  on  the  total  gas  pressure  at  a 
discharge  current  of  2  mA. 
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